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Abstract

Mating

systems

are

of

fundamental

importance

in

any

consideration of the dynamics of plant populations, since
patterns of mating determine the transmission of genes in
a population, and thus have a major influence on the
structure and dynamics of populations. Moreover, plant
reproduction is influenced by events which occur
throughout the mating process. Factors such as flowering
patterns, pollinator effectiveness and behaviour,
population structure, and incompatibility mechanisms are
important determinants of mating patterns. Any
quantitative and definitive assessment of plant mating
systems therefore requires an integrated approach, which
encompasses these factors. This study used such an
approach to investigate the mating system of one species
of Banksia. The reproductive biology of a population of
Banksia spinulosa was studied in detail at a site within
Barren Grounds Nature Reserve near Wollongong. Several
important aspects of the reproductive biology of this
species were investigated, including; (i) flowering and
fruiting patterns, (ii) pollinator visitation and
behaviour, (iii) the mating system and genetic structure
of the population and (iv) the potential for choice in the
system.

Flowering and fruiting patterns exhibited a great deal of
variability, both amongst plants in a given season and
over seasons. Total numbers of inflorescence produced in
the population were greatest in 1987, due partly to
greater numbers of inflorescences per plant, and also to
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increases in the number

of plants flowering. In contrast,

the total number of infructescences produced were similar
for the three years. However, seed output was greatest in
1988, due to increased numbers of follicles per
infructescence in this year. Some plants in the population
consistently had a higher reproductive output than others.
These plants produced seed each year, and had a greater
number of mature infructescences each year and overall.
The total reproductive output of these plants (numbers of
follicles produced) was approximately double that of other
plants. Another group of plants never produced seed during
the study, even though they flowered each year. These
results illustrate the importance of considering
individual variability in the population, rather than the
more commonly measured, total, or mean reproductive
success.

The principal pollinators at this site were mammals and
birds. These included the sugar glider, the brown
antechinus, the eastern pygmy possum and the eastern
spinebill. Although several insect species (including
moths and honeybees) also visited inflorescences, these
were found to be less effective at pollinating than the
vertebrate visitors. Moths carried very little pollen, and
the foraging behaviour of other insects was unlikely to
promote pollination. Examination of pollen tube growth
indicated that pollination success was similar for
nocturnal and diurnal visitors. However, nocturnal
visitors were more effective at removing pollen from newly
opened flowers. Furthermore, the foraging behaviour of
mammals was such that they would transfer copious amounts
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of

pollen

to

inflorescences,

and

probably

contact

receptive stigmas more often. Overall, mammals were
considered to be slightly more effective pollinators than
the more obvious daytime visitors, eastern spinebills.

Mammalian visitors showed considerable variability in
numbers of inflorescences visited per plant and distances
moved between plants visited. Some of this variability was
associated with changes in flower abundance. Fewer flowers
were available later in the season, and at this time,
animals tended to visit fewer inflorescences on a plant
and travelled greater distances between visited plants. As
a consequence, pollen dispersal was also likely to exhibit
within-season variability, with dispersal distances
increasing as the abundance of flowers declined.
Nevertheless, at any time during the flowering season, the
foraging behaviour of animals was such that pollen loads
transferred to flowers would normally contain mixtures of
self- and cross-pollen.

In contrast to apparent patterns of pollen receipt,
outcrossing rates estimated for this population were found
to be very high overall. However, several assumptions of
the mixed mating model used in estimations were violated.
For example, alleles of Adhi apparently did not conform to
Mendelian inheritance, and showed evidence of a null
allele. Apparent non-Mendelian inheritance was also found
in Pgii. Some slight but significant linkage was also
detected between loci. Analysis of the genetic structure
of the population revealed further violations associated
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with mating system

analysis. Some genetic differentiation

was detected, and the population as a whole deviated from
a panmictic unit. However, these deviations were small
compared to species which are predominantly selffertilizing, and they were primarily due to the behaviour
of one locus, Pgii. This locus exhibited a large deficit
of heterozygotes, possibly in association with a Wahlund
effect. Despite the abovementioned problems associated
with the mating system analysis, estimates of outcrossing
were considered to be a reasonable approximation for this
population.

Experimental pollinations of inflorescences using
applications of self- and cross-pollen, and mixtures of
the two, indicated that, at the early pre-zygotic stage,
all treatments had an equal potential to produce seed. In
contrast, the autogamous treatment did not produce any
pollen tubes. However, few seeds resulted from the selfpollination treatment, indicating that self-pollen may
have been, inhibited at some later stage in the mating
process. The genetic composition of seed from mixed
pollinations gave further weight to this hypothesis. All
progeny genotyped were apparently derived from outcrossing
events. It was suggested that this preferential
outcrossing may occur via some sort of recessive lethal
system, and that it may also account for the observed
deviations from Mendelian inheritance. These results also
explain the apparent discrepancy between apparent pollen
dispersal by pollinators (i.e. the likelihood of a large
amount of self-pollination) and the high outcrossing rates

v
obtained.

The results obtained

from this study

highlight the value

of integrating ecological and genetical data in
investigations of plant mating systems. Patterns of mating
in B. spinulosa were influenced by many variables, and
selective processes were considered to be of major
importance in this system. This study has also posed some
new directions for future research. Firm conclusions were
often frustrated by a lack of understanding of factors
which might limit seed production in this and other
species. Studies specifically designed to examine this,
and many other questions, are urgently required for
further advancement in this field of research.

vi
Acknowledgements

Working with Banksias was sometimes frustrating, and other
times enjoyable, but without the help of many people, I
doubt this thesis (affectionately known as 'the monster')
would have ever been finished.

Firstly, I would like to extend my sincere thanks to my
supervisors, David Ayre and Rob Whelan for their excellent
supervision, and for putting up with me for so long. I am
also grateful to Ross Goldingay, who provided constant
humour, as well as many long nights of discussion and
inspiration.

My work has also benefited from discussions with many
other people, including Gavin Moran, Ed Slater, Patric
Tap, Bev Walker, Ros Muston and Glenda Vaughton (to name
but a few). Thanks also to the many volunteers who
assisted me. In particular; Darryl Funnell, Peter Carthew,
Patric Tap, Andrew Huggett, Kathy Lamb, Deryk Engel and
Alison Hunt.

Funding for this research was provided by the Australian
Museum, the Linnean Society of NSW and the Biology
Department, without which much of this work may not have
been possible. Ken Russell cheerfully gave his expert
statistical advise, and conducted the analyses given in
Appendix 3.2. I would also like to thank Roseworthy
College, and particularly Brian Williams, who has
supported my attempts to finish writing up.

vii
I also wish to

thank the wardens of Barren Grounds Nature

Reserve (Richard and Pat Jordan), for the use of their
facilities, as well as their support and endless cups of
coffee. Gratitude is also extended to the National Parks
and Wildlife Service, for allowing me to conduct research
on the Reserve.

Lastly, special thanks must go to my long-suffering
family, who have put up with my 'fetish' with surprisingly
little fuss, and who have given me constant support.

viii
Table of Contents
Abstract

1

Acknowledgements

vi

Table of Contents

viii

List of Tables
List of Figures

xii
xv i

Chapter 1. General Introduction.
1.1. The Mating System
1.1.1. Inbreeding and Outbreeding
1.1.2. Outcrossing Rates

1
2
3

1.2. Flowering Patterns 5
1.3. Pollinator Behaviour 8
1.4. Genetic Structure 9
1.5. Breeding System 11
1.6. Pollination in Banksia 14
1.7. Thesis Objectives 17

Chapter 2. Patterns of Flowering and Fruit Production. 18
2.1. Introduction 18
2.1.1. Floral characteristics of Banksia
spinulosa

21

2.2. Methods 21
2.2.1. The study site

21

2.2.2. Flowering patterns

22

2.2.3. Flower opening rates

28

2.2.4. Pollen tube growth

29

2.2.5. Seed set

31

IX

2.3 Results

32

2.3.1. Flowering phenology

32

2.3.2. Flower opening rates

40

2.3.3. Pollen tube growth

43

2.3.4, Seed set

50

2.4 Discussion 55
2.4.1. Comparison with other studies

55

2.4.2. Limitations to fruit production

58

2.4.3. Annual variations in flowering and
fruiting

61

2.4.4. Flowering phenology and reproductive
success
2.4.5. Implications for gene exchange

63
64

Chapter 3. The Effectiveness and Foraging Behaviour of
Pollinators.

68

3.1. Introduction 68
3.2. Methods 71
3.2.1. Flower visitors

71

3.2.2. Pollen loads
3.2.3. Pollinator effectiveness

72
74

3.2.4. Foraging behaviour

76

3.3 Results 80
3.3.1. Flower visitors

80

3.3.2. Pollen loads
3.3.3. Pollinator effectiveness

90
93

3.3.4. Small mammal trapping

98

3.3.5. Foraging behaviour

103

3.4 Discussion 118
3.4.1. Pollinator visitation

118

3.4.2. Pollinator attractants

120

3.4.3. Pollinator effectiveness

122

3.4.4. Mammal foraging behaviour and
implications for pollen flow
3.4.5. Competition for pollinators

127
132

X

Chapter 4.

The Mating System of Banksia spinulosa.

134

4.1. Introduction 134
4.2. Methods 136
4.2.1. Electrophoresis

137

4.2.2. Genetic interpretation of zymograms

138

4.2.3. Mating system

139

4.3 Results 142
4.3.1. Genetic interpretation

142

4.3.2. Inheritance of variation

143

4.3.3. The mating system

145

4.4 Discussion 150

Chapter 5. Population Genetic Structure. 159
5.1. Introduction 159
5.2. Methods 161
5.2.1. Sampling and electrophoresis
5.2.2. Data analysis

161
163

5.3 Results 164
5.4 Discussion 172

Chapter 6. Mate Choice in Banksia spinulosa. 181
6.1. Introduction 181
6.2. Methods 184
6.2.1. Experimental design

184

6.2.2. Collection of data

188

6.2.3. Electrophoresis

191

6.3 Results 192
6.3.1. Pollen tube growth

192

XI

6.3.2. Seed set

196

6.3.3. Electrophoretic data

199

6.4 Discussion 203
6.4.1. Breeding system

203

6.4.2. Limits to seed production

204

6.4.3. Preferential outcrossing

206

6.4.4. Mendelian inheritance

209

Chapter 7. Concluding Discussion.

211

References 217
Appendices 23 7
Appendix 3.1.

238

Appendix 3.2.

252

Appendix 3.3.

25 7

Appendix 4.1.

2 74

xii
List of Tables.
Table
2.1.

Numbers of inflorescences produced by 47 B.
spinulosa plants during early-, mid- and lateflowering for 1986, 1987 and 1988.

2.2.

33

Comparison of the total number of inflorescences
produced on 47 B, spinulosa plants during each
of three flowering seasons.

2.3.

34

Comparisons of the duration of flowering for
plants which produced few or many inflorescences
during 1986, 1987 and 1988.

2.4.

Flowering phenologies of individual B. spinulosa
plants during 1988.

2.5.

44

Comparison of mean numbers of new flowers opening
every two hours during one 24 hour period.

2.8.

42

Comparisons of rates of flower opening for B.
spinulosa during 1988.

2.7.

41

Mean heights of inflorescences from 20 different
plants containing more than six inflorescences.

2.6.

36

45

Comparisons of the proportion of flowers
containing pollen tubes and the numbers of pollen
tubes per style for open-pollinated B. spinulosa
flowers at different flowering times.

2.9.

47

Flowering and fruiting data for B. spinulosa during
1986, 1987 and 1988.

51

2.10. Reproductive output, measured as numbers of
infructescences, number of inflorescences and number
of follicles for 47 B. spinulosa plants monitored
during 1986, 1987 and 1988.

53

2.11. Simple linear regressions showing the relationship
between number of inflorescences per plant and fruit
production.

54

2.12. Comparisons of the percentage of inflorescences
which developed follicles and mean number of
follicles, during early-, mid- and late-flowering
for three flowering seasons.

56

2.13. Flowering and fruiting characteristics recorded
for various subspecies of B. spinulosa.

57

xiii
3.1.

Number of visits by animals to six inflorescences,
recorded using automated photography during the
flowering season in 1986.

3.2.

81

Duration of visits by each species recorded with the
use of automated photography.

3.3.

88

Comparisons of the amount of pollen carried by
different flower visitors.

3.4.

92

Comparisons of the amount of pollen removed from
newly opened flowers during diurnal and nocturnal
periods.

3.5.

94

The percentage of flowers which had pollen removed
from them while bagged at night and during the
day.

3.6.

95

Comparisons of the number of flowers pollinated
during diurnal and nocturnal periods.

3.7.

Number of small mammals captured during the early-,
mid- and late-flowering periods of 1988.

3.8.

97
100

Chi-square test of captures of A. stuartii and
P. breviceps at different times through the
flowering season of 1988.

3.9.

102

Comparisons of tracking success for 115 animals
captured among three species.

106

3.10. Comparisons of the number of inflorescences
visited per plant for each species.

113

3.11. Percentage of visits to B. spinulosa
inflorescences at different stages of opening.

114

3.12. Distances moved between all plants visited for
individuals tracked during 1986, 1987 and 1988,
and the early-, mid- and late-flowering periods
of 1988.
3.13. Proportion of visits by A. stuartii, C. nanus

117

and P. breviceps to each plant species during
the early-, mid- and late-flowering periods
of 1988.

119

4.1. Observed genotypes and expected relationship between
them for two single-locus modes of inheritance.
4.2.

140

Single-locus genotypes for two loci obtained
from 14 maternal plants and their respective
progeny.

144

XIV

Allelic frequencies obtained from seed and pollen
samples.

146

Wright's Fixation Index for 193 progeny amongst ten
B. spinulosa plants.

148

Single-locus and multi-locus estimates of
outcrossing rate and heterogeneity chi-square values
for B. spinulosa.
149
Estimates of linkage disequilibrium using
Burrow's composite measure.

151

Frequencies of alleles for three loci in pollen
samples of B. spinulosa from the total sample
population, and among the five designated
subpopulations.

165

Fi s values for each subpopulation, using weighted
averages to combine values across alleles at each
locus.

167

Variation of allele frequencies in B. spinulosa
among five subpopulations for three enzyme
loci.

168

Summary of F-statistics for all loci over the
five subpopulations.

169

Proportions of heterozygote deficits that can be
attributed to variances of allelic frequencies among
subpopulations.

171

Nei's unbiased genetic distance and identities among
the five subpopulations.

173

Comparisons of population genetic structure for
outcrossing species through the use of isozyme
analysis.

177

Pollen tube growth in B. spinulosa styles pollinated
with self-, cross-pollen and 1:1 mixtures of self
and cross pollen.

193

Number of inflorescences developing follicles
in the five pollination treatments during
1987.

197

Number of inflorescences developing follicles
in the three pollination treatments during
1988.

198

XV

6.4. Numbers of mature seeds of each genotype
produced by self- and cross-pollination.
6.5.

200

Numbers of mature seeds of each genotype
produced from pollinations using mixtures of
self- and cross-pollen.

202

XVI

List Of Figures.
gure
1.

The location of the study site within Barren
Grounds Nature Reserve near Wollongong, NSW.

2.

Vegetation typical of the study site at Barren
Grounds Nature Reserve.

3.

24

Map showing the distribution of tagged and mapped
B. spinulosa plants in the study site.

4.

23

25

Number of inflorescences which flowered during
early-, mid- and late-flowering for 1986, 1987
and 1988.

5.

38

Flowering curve for a group of 29 plants,
containing 182 inflorescences monitored at two

6.

weekly intervals during 1988.
39
Frequency distribution of styles containing various
numbers of pollen tubes for mid- and lateflowering samples during 1988.

7.

48

A B. spinulosa style, showing extensive fungal
growth on the stigmatic surface and in the
transmission tissue.

49

1. Spool-and-line tracking device attached to the
2.

back of C. nanus.
Animals photographed visiting B. spinulosa.

3.

Frequency histograms of the timing of nocturnal

79
82

and diurnal visits to B. spinulosa inflorescences
for each species recorded using automated
4.

photography.
89
Frequency distribution of styles containing various
numbers of pollen tubes per flower for nocturnal
and diurnal samples obtained during 1988.

5.

B. spinulosa inflorescence, showing spool thread
entangled in the flowers.

6.

99
104

Spool trace obtained for a male P. breviceps,
tracked four times during the flowering season

7.

of 1988.
Spool trace obtained for a female A. stuartii,

108

tracked during the mid-flowering period of 1988. 109

XV11

8.

Spool trace obtained for a male C. nanus, tracked

9.

during the early-flowering period of 1988.
110
Frequency distribution of intra-plant and interplant movements by P. breviceps, A. stuartii and C.
nanus between foraging bouts on B. spinulosa
inflorescences.

116

1. The distribution of plants in the study site,
showing those plants genotyped at three loci and
the remainder.
2.

162

The relationship between genetic distance and
geographic distance for 5 subpopulations of B.
spinulosa.

174

1. Pollen tube growth observed in hand-pollinated
flowers.

194

1
Chapter 1.

General Introduction

1.1. The Mating System
The mating system of an organism describes patterns of
matings between individuals in a population, and thus
portrays the relationship(s) between male and female
gametes which join to form zygotes. In plants, mating
systems are generally described in terms of the
proportions of self- and cross-fertilization which make up
the progeny, and may vary from complete and obligate
selfing, to highly outcrossed systems (Schemske & Lande
1985). Modes and mechanisms of plant reproduction are
principal factors influencing reproductive success, the
transmission of genes in a population and plant fitness.
Consequently, the quality and quantity of offspring
produced by matings between individuals have important
implications for the genetic structure of populations.
Because patterns of mating determine levels of
recombination and the manner by which genes are
transmitted to the next generation, they are a major force
influencing the distribution of genetic variation in
populations (Hedrick 1985). An understanding of mating
systems is therefore of fundamental importance in any
consideration of the mechanisms through which evolutionary
change, and thus adaptation, may come about in populations
or species (see Oka 1983, Wiens 1984, Willson 1984, Hopper
& Coates 1990) .

2
1.1.1. Inbreeding and Outbreeding
Many researchers have attempted to elucidate the
evolutionary consequences of different mating systems
(e.g. Allard 1975, Selander 1983, Holsinger 1986,
Uyenoyama 1986, Wyatt 1986). As a result of this interest,
several hypotheses have been put forward to account for
differing modes of reproduction and how these are
maintained (see Michod & Levin 1988). Most simply, on the
one hand, sexual reproduction in the form of outcrossing
may be thought to be beneficial, due to the breakup of
deleterious combinations of alleles that may arise with
inbreeding or selfing (Olmstead 1986). Because outcrossing
increases the production of genetically variable progeny,
this mode of reproduction may also provide a greater
opportunity for adaptation to changing environments. On
the other hand, random mating may cause the breakup of
well adapted or 'favourable' combinations of alleles, due
to reshuffling of genes and random recombinations into new
associations (i.e. recombinational load). There is also a
'cost' to meiosis, in that each parent contributes only
half its genes to the ensuing offspring (see Shields
1988).

One parameter often investigated in attempts to compare
the relative advantages of outcrossing and inbreeding is
the difference in fitness of selfed, or inbred, versus
outcrossed progeny. In many populations, and especially
those which are primarily outcrossing, inbreeding (matings
between individuals that are closely related to each
other) is the major factor which influences the fitness of
progeny (Schemske & Lande 1985), often causing reductions
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in

seed

production

and

seedling

survivorship

(e.g.

Schemske 1983, Levin 1984). This reduction in fitness from
inbreeding is known as inbreeding depression, and comes
about through decreased heterozygosity, and the associated
increase in the expression of deleterious or lethal
recessive alleles (Levin 1984). Alternatively, matings
between individuals from different populations or species
may give rise to a decline in the fitness of offspring as
a result of outbreeding depression (e.g. Levin 1983).
Reduced fitness from outbreeding may also occur through
matings between widely-spaced individuals within a
population. This presumably results from the mixing of two
co-adapted gene pools which have formed through natural
selection or genetic drift (which is the random loss or
fixation of alleles that can occur when a population is
subdivided into smaller breeding units; Strickberger
1985), causing major genetic differences in such
individuals (Price & Waser 1979, Waser & Price 1989). The
observation that populations can show evidence of both
inbreeding and outbreeding depression has given rise to
the concept of an optimal outcrossing distance, whereby
matings between individuals situated at intermediate
distances from one another produce the fittest progeny
(Waser & Price 1989). This concept is based on the
assumption that populations are structured (that is,
related individuals are aggregated), and that some
intermediate degree of genetic similarity between mates is
optimal (Campbell & Waser 1987).

1.1.2. Outcrossing Rates
The most frequently employed method for categorizing the
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mating system of a

population utilizes the calculation of

an outcrossing rate (Clegg 1980). Estimates of outcrossing
usually involve examination of the genetic composition of
progeny arrays using gel electrophoresis. This is a
retrospective approach, which provides an estimate of the
progeny from open-pollinated seed families which are
derived from outcrossing events. These are calculated by
comparing the genotypes of seed derived from open
pollination with that of the maternal plant (Brown et al.
1975).

There is a large volume of literature on plant mating
systems based on estimates of outcrossing. Species of
economic importance, such as crops and forest trees have
been the most commonly and thoroughly studied groups (e.g.
Brown et al. 1975, Clegg et al. 1978, Green et al. 1980,
Moran & Bell 1983, Shea 1987, Moore & Moran 1989, Moran et
al. 1989), while long-lived perennial shrubs have a much
poorer representation in the literature.

There are some limitations in using estimates of
outcrossing as the only indicator of the mating system.
Outcrossing rates do not describe the whole process of
genetic transmission. Although the genetic composition of
the progeny produced from open pollination is described,
estimates such as these ignore any events which may take
place prior to the production of seeds. Patterns of mating
in plant populations often comprise a complex process of
events, which may occur at many stages in the mating
process, and include events which take place prior to
pollination. Because of this, the mating system of a
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species is not static (Clegg 1980, Hamrick 1982), and this
becomes quite apparent when more than one estimate of
outcrossing is obtained for a population. Many workers
have found considerable variability in outcrossing within
plant species, occurring both spatially (e.g. Brown et al.
1975, Schoen 1982a, Epperson & Allard 1984) and temporally
(e.g. Kahler et al. 1975, Brown et al. 1978, Moran & Brown
1980). Such variation is understandable when one considers
that the mating system of a plant will be influenced by
such things as the distribution of flowers, pollinator
behaviour, plant density, population genetic structure and
the underlying breeding system of the species. For a
complete understanding of plant mating systems, it is
therefore important to consider the events which make up
patterns of mating, and the ways in which these might
influence the outcome of pollinations. The following
discussion will consider some of these factors, and how
they might account for the variability in mating systems
and reproductive success observed in many populations.

1.2. Flowering Patterns
Flowering phenology describes changes in the spatial and
temporal distribution of flowers in a population through a
flowering season. Since the number and distribution of
plants in flower will determine the spatial patterning of
flowers available for pollen transfer and pollination, the
numbers and types of potential mates in a population will
be influenced by patterns of flowering. This means that
only those plants flowering at the same time will be able
to mate with one another, and there may be temporal
variations in the distribution or availability of
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genotypes within

the pollen

pool.

Although

the latter

aspect has been considered by several workers (e.g.
Bijlsma et al. 1986), few studies have specifically
addressed this issue (but see for example Fripp et al.
1987). An extreme example of temporal structuring of
genotypes may occur in cases of synchronous flowering by
plants of a similar genotype (e.g. Mclntyre & Best 1978).
This would increase dramatically the likelihood of
assortative matings (i.e. between individuals more closely
related than expected), and may have profound effects on
patterns of mating without any obvious change to realized
outcrossing rates (Ennos & Dodson 1987).

Patterns of flowering also have a great potential to
influence the dispersal of pollen, and so gene flow,
indirectly through changes in pollinator behaviour. The
changing density of potential food resources (such as
nectar and pollen) places certain constraints on
pollinator movements (e.g. Pyke 1978, Augspurger 1980,
Schmitt 1981, 1983, Thomson & Plowright 1980, Waddington
1981, Zimmerman 1982). This will affect both the rate at
which individual plants are visited and patterns of pollen
dispersal. Schmitt (1981) has demonstrated this
relationship in an investigation on two species of
Californian wildflowers, pollinated primarily by beeflies. In the latter part of the flowering season, fewer
flowers were available to the nectar-feeding insects, and
so the number of visits received by individual flowers
increased. Inter-plant flight distances also increased,
because flowers were more sparsely distributed. Although
not specifically tested in that particular study, lowered

flower

density

was

considered

as

a

mechanism

for

increasing pollen dispersal distances, and consequently
outcrossing rates.

The size of individual floral displays may determine how
long a pollinator remains at one plant, since a larger
display (in terms of the number of flowers) may present a
greater attractant in the form of nectar and/or pollen.
Positive correlations between nectar production and
pollinator behaviour (frequency of visitation, duration of
visits, flight distances etc) have been documented (e.g.
Thomson & Plowright 1980, Zimmerman 1982). For example,
Waddington (1981) observed that when bumblebees visited
inflorescences with copious nectar they picked up more
pollen and flew shorter distances. The shorter flights
therefore produced more effective pollen dispersal (in
terms of amount), but actual pollen flow was reduced,
since those plants close together were likely to be more
closely related.

As a consequence of the above, pollen dispersal distances
are likely to be limited under conditions of abundant
resources, and levels of selfing may rise (Crawford 1984).
This will be particularly evident in mass-flowering
species which often have an 'overabundance' of nectar and
pollen (Augspurger 1980). Pollinators may be therefore
induced to remain constant to one plant for long periods
(e.g. Goldingay 1989), or may repeatedly visit the same
plant (Augspurger 1980). Although actual consequences for
pollen flow and gene exchange have seldom been tested, one
study using allozyme polymorphisms did find effective
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outcrossing to be

reduced in populations

of high density

(Ellstrand et al. 1978).

1.3. Pollinator Behaviour
Animals play an important role as pollinators in many
plant populations. The foraging behaviour of a potential
pollinator will determine how effective it is at
pollinating, and will ultimately determine the amount and
types of pollen that are transferred to flowers. Since
pollinator foraging determines patterns of pollen flow,
pollinators will have a large impact on potential gene
exchange. The relative contribution different pollinators
make will vary according to certain characteristics, such
as their size, mode of locomotion, energetic requirements,
the frequency at which they visit plants, and their
faithfulness to a particular plant species.

Since many plants are pollinated by more than one type of
pollinator, different guilds of pollinating animals will
produce varying patterns of pollen transferral. For
example, Webb & Bawa (1983) found the foraging behaviour
of butterflies to be influenced by their relatively low
energy requirements and the need to avoid predators. These
factors were thought to have resulted in shorter flight
distances and more restricted pollen dispersal than for
hummingbirds. Other studies comparing pollinators of
differing energy requirements have found similar
correlations (e.g. Schmitt 1980, Motten et al. 1981).
Pollinator composition may also vary among populations
(Goldingay et al. 1991), or as a flowering season
progresses (Schmitt 1981, Campbell & Waser 1989), possibly

9
resulting

in

populational

or

seasonal

differences

patterns of mating. These factors may be particularly
important in the Proteaceae, members of which are visited
by an array of animals, including birds, mammals and
insects (Hopper 1980, Turner 1982, Wooller et al. 1983,
Paton & Turner 1985, Goldingay et al. 1987). These animals
have potentially different modes of pollen dispersal and
may differ in their relative contributions depending on
their energetic constraints and their ecological
requirements (e.g. Hopper & Burbidge 1982, Ramsey 1988).
However, the extent to which pollinators might influence
the transmission of genes in a population will also be
determined by the plant's ability to control or influence
the paternity of progeny, through such things as selfincompatibility mechanisms (i.e. the rejection of selfpollen) or some other form of 'mate choice'.

1.4. Genetic Structure
Many studies investigating population genetic structure
and its relationship with mating systems have been
concerned primarily with the effect of different mating
systems on the distribution and organization of genes in a
population (e.g. Schoen 1982b, Layton & Ganders 1984,
Cahalan & Gliddon 1985). Such studies have produced
varying results. Some studies have found correlations
between levels of outcrossing, or breeding systems, and
the partitioning of genetic variation (e.g. Allard 1975,
Schoen 1982b, Layton & Ganders 1984, Soltis & Soltis
1988), while others have not (e.g. Mitton et al. 1980,
Neale & Adams 1985, Van Dijk et al. 1988). This
variability occurs because of the many other factors,

in
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often unrelated

to the

mating system,

which interact to

create observed spatial patterns of genetic variation.
These factors can include gene flow (through both pollen
and seed dispersal, seed germination and establishment),
selection and stochastic processes (Hamrick & Schnabel
1985). However it is often difficult to distinguish
between the effects of these processes (see Schoen & Latta
1989).

Perhaps more easily assessed is the influence of
population genetic structure on patterns of mating and the
possible consequences for plant fitness. The spatial
organization of genes in a population provides the
baseline from which patterns of mating are derived. Gene
exchange, as a function of pollinator behaviour, depends
upon the genetic structure of a population, since this
determines potential patterns of pollen dispersal. For
example, using computer simulations and experimental
populations, it has been demonstrated that clusters of
genetically related plants exhibit decreased levels of
outcrossing compared to randomly-dispersed (Ennos & Clegg
1982), and overdispersed groupings (Ellstrand & Forster
1983). This arises because mating will be non-random, or
assortative, in substructured populations, occurring more
often among related individuals. Another type of nonrandom mating which occurs in overdispersed populations,
is known as disassortative mating. This is defined as
matings between individuals less related than expected
(Ellstrand & Forster 1983). Less is known about the
effects of population structure on mating patterns in
natural populations, since few studies have assessed
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population substructure

in

conjunction

with outcrossing

rates, with these aims (but see Shea 1987). However,
levels of outcrossing are known to be affected by plant
density (Ellstrand et al. 1978, Fariss & Mitton 1984).
This presumably reflects genotypic spacing, but has not
been verified. Even less is known of the consequences for
plant fitness. In some instances, correlations between
geographic distance and reproductive success have been
demonstrated (i.e. optimal outcrossing distance; Price &
Waser 1979, Waser & Price 1983, 1989), while for other
populations no such trend has been observed (Newport
1989). However, in none of these experiments has the
spatial distribution of genotypes been known.

1.5. Breeding System
Since most plants are sessile, they generally rely on some
external agent(s) to transfer pollen and thus effect
pollination and reproduction. Although pollinator foraging
behaviour may be modified somewhat by flowering patterns
(see Section 1.3.) or floral specializations (such as
spatial and/or temporal separation of pollen and stigmas),
plants have very little direct control over the types of
pollen which are transferred to flowers. Thus many plants
have developed mechanisms to regulate the breeding system,
and so give some measure of control over offspring
quality. This is often in the form of a physiological
self-incompatibility mechanism, whereby self-pollen is
rejected at some point prior to fertilization.

As in studies on outcrossing rates, much of the work on
compatibility systems and pollen-stigma interactions has

12
centered on species

of economic importance,

such as crop

species (Hodgkin & Lyon 1984, Sedgley 1982/83, Currah
1983, Sarr et al. 1983) and temperate forest trees
(Griffin et al. 1984), many of which have been intensively
studied. The assessment of pollen tube growth through
experimental manipulation is of great value in determining
physiological self-incompatibility (Kress 1983), but it
must be stressed that unless pollen tubes are followed
into the ovaries, it is an assessment of pre-zygotic
conditions only. Furthermore, in some species,
incompatible pollen may germinate and fertilize ovules,
but they may still exhibit post-zygotic incompatibility,
with ovules being aborted at some later stage (Guth &
Weller 1986). Problems interpreting pollen tube studies
may be overcome to some extent by comparison of seed set
after different treatments, either in combination with
pollen tube analysis (e.g. Schou & Phillips 1983, Kendrick
et al. 1984, West 1984) or alone (Whelan & Goldingay 1986,
1989).

Some species exhibit preferential outcrossing, but are
still capable of producing self-fertilized seed under
certain conditions (Kress 1983, Bowman 1987, Griffin et
al. 1987). This implies that if both outcross and self
pollen are received by a plant, some form of pollen
competition, or mate choice is operating. The selective
production of fruit may be widespread in plants, since
mixed pollen loads are probably quite common in nature.
However, experiments conclusively showing competitive
effects are few, as a prior knowledge of the genotype of
each pollen parent used is required. This can be achieved
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through the use

of suitable genetic

markers (e.g. Currah

1983, Griffin et al. 1987, Marshall & Ellstrand 1988), and
future research into incompatibility mechanisms in plants
must take this direction if further advances in this area
are to be made.

It is evident from the above discussion that patterns of
mating may be affected by many variables. As a result
there are many limitations in relying solely on one method
of analysis to determine the extent of gene exchange in
plant populations (Handel & Mishkin 1984). For example,
reliance on pollinator behaviour alone may have minimal
value. Not necessarily all of the pollen picked up at one
flower or plant will be deposited on the next. The extent
of this pollen carryover is variable, depending on the
pollen vector and the pollen type in question (Schisling &
Turpin 1971, Waser &. Price 1982, 1983). As such,
measurements of interplant flights may grossly
underestimate neighbourhood size and gene flow. A useful
example is provided by Hopper & Moran (1981), who found
that actual outcrossing rates were much higher than those
estimated from observations of pollinator movements. The
situation is further complicated when one considers that
the transfer of pollen doesn't necessarily result in
successful fertilization. Such variables as pollen
viability, stigma receptivity, incompatibility mechanisms,
and mate selection may also be important, and have often
been overlooked. A multi-faceted approach to mating system
analysis is therefore required, encompassing
electrophoretic techniques and some of the more
traditional methods. This integration of disciplines has
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been uncommon in mating system analysis (but see Hopper &
Moran 1981, Ennos & Clegg 1982, Schoen 1982b). However,
such an approach will need to be adopted more frequently
in the future, to enable a more quantitative and
definitive assessment of plant-pollinator interactions. It
is one of the aims of this thesis to provide such an
approach to investigation of the mating system of Banksia
spinulosa.

1.6. Pollination in Banksia
The genus Banksia is a member of the family Proteaceae, a
diverse group of angiosperms found only in the Southern
Hemisphere. Seventy-six species have been identified
(George 1984), although the taxonomy is undergoing further
revision as research on the genus continues (George 1987).
Members of this genus show many characteristics typical of
the Proteaceae. They are woody perennials, and range in
habit from small shrubs to tall trees. Whilst some species
are killed by fire, many (36) are fire-tolerant, having
either a woody lignotuber from which they resprout after
fire, or a fire-tolerant trunk.

The flowers of Banksia are arranged into large, compact
inflorescences, in most cases consisting of between 100
and 1000 flowers (Collins & Rebelo 1987). Flowers are
hermaphroditic, and pollen is applied by four anther lobes
to a specialized subapical region (pollen presenter) of
each style, which is exposed when the style subsequently
elongates and/or straightens. Some species require
mechanical stimulation to open flowers (Turner 1985,
Ramsey 1988). Although flowers are considered to be
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protandrous (i.e. they require pollen to be removed before
the stigma becomes receptive), this has been tested for
only one species (Collins & Spice 1986). Another
assumption commonly held is that protandry promotes
outcrossing due to the separation of male and female parts
(Carolin 1961). However, since flowers are borne on large
inflorescences, and more than one inflorescence may be
open at a time, many flowers on a plant are usually
available concurrently. The potential for geitonogamous
pollination is therefore great in these plants, although
the actual extent of intra-plant pollen flow will be
determined by the morphology and behaviour of pollinators.

Studies on the foraging behaviour of flower visitors have
largely been confined to measuring bird visitation. This
is due mainly to the cryptic and nocturnal habits of any
mammalian visitors, and the general tendency to disregard
insect visitors. Exceptions to this are a study by Ramsey
(1988), comparing the relative effectiveness of birds and
insects, and another which compared the behaviour of birds
and mammals visiting Banksia and Eucalyptus inflorescences
(Hopper & Burbidge 1982). In the latter study, mammals fed
regularly during the day, allowing direct observation of
their feeding behaviour.

The assumption that pollinators are required for seed set
is one which has rarely been adequately tested in the
Proteaceae (although see Whelan & Goldingay 1986).
Recently, Vaughton (1988) found that Banksia spinulosa var
neoanglica is capable of autogamous seed set (i.e. via
mechanical self-pollination), but for most species there
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is little

conclusive

evidence. Similarly,

although some

species appear incapable of producing seed from selfpollinations (geitonogamy) (e.g. Carpenter & Recher 1979,
Goldingay & Whelan 1990), studies on breeding systems have
been frustrated by the low levels of reproductive success
which seem to be ubiquitous in this genus (Collins &
Rebelo 1987). While the breeding system itself may in part
account for this, even the experimental application of
only cross-pollen has often failed to increase fruit set
(e.g. Copland & Whelan 1989), indicating a more complex
process (Ayre & Whelan 1989). Overall, levels of selfincompatibility remain largely unknown in Banksia (but see
Lewis & Bell 1981). Prior to this, levels of outcrossing
had been estimated for only two species (Scott 1980), and
in this study, most seed was derived from outcross pollen.
To date no experimental investigation of patterns of
mating in this genus has been attempted, and it remains to
be seen whether observed levels of outcrossing reflect
patterns of pollen dispersal or are a consequence of the
breeding system. An understanding of the factors affecting
mating systems in this genus therefore requires an
integrated approach, encompassing both ecological and
genetic parameters.

1.7. Thesis Objectives
This thesis examines the mating system of one species of
Banksia, Banksia spinulosa, and investigates some of the
factors which influence the transmission of genes in a
population. The following chapter will consider some
aspects of flowering and fruiting in the population, and
the way in which flowering patterns affect potential gene
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exchange and reproductive success. Chapter 3 comprises an
investigation of the major pollinators. In this chapter I
examine their effectiveness as pollen vectors, and also
document their behaviour, in light of the implications for
pollen dispersal and gene exchange. The remaining chapters
will be concerned more directly with the mating system of
the plant. Chapter 4 gives estimates of outcrossing for
the population during one flowering season, and examines
some possible violations of mixed-mating model
assumptions. Chapter 5 investigates a further aspect of
this, namely the genetic structure of the population.
Chapter 6 comprises an experimental investigation of the
breeding system of the species, and attempts to explain
the mechanism(s) by which patterns of pollen flow are
transformed into actual gene exchange through the possible
mechanism of mate choice.
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Chapter 2.

Patterns of Flowering and Fruit Production.

2.1. Introduction
Spatial and temporal patterns of flowering in plant
populations influence many aspects of plant reproductive
ecology, including pollinator attraction and visitation,
reproductive success and gene exchange. Most detailed
studies of flowering and fruiting patterns have focused on
the possible role of selective forces in regulating
differences in the onset, timing and duration of flowering
or patterns of fruiting among different species (e.g.
Stiles 1975, Thomson 1980, Rabinowitz et al. 1981,
Augspurger 1983, Wheelwright 1985, Helenurm & Barrett
1987). Some of the selective forces postulated as shaping
flowering and fruiting patterns include; pollinator
attraction, competition for pollinators and/or pollination,
avoidance of seed or flower predators, and environmental
factors, such as weather conditions (see Primack (1985) and
Rathcke & Lacey (1985) for recent reviews). Despite the
intensive interest in this field, few studies have been
able to demonstrate conclusively that these pose a strong
selective force (although see Waser 1978b, Thomson 1981).
This may be because much of the published work has been
conducted on a community-wide basis, making it difficult to
determine precisely the cause of differences in flowering
phenology among species.

Relatively little attention has been paid to differences in
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flowering patterns exhibited by individual plants within
populations. This is of importance in plant populations,
since spatial and temporal variability in floral resources
will influence an individual's potential for reproduction,
and may consequently affect plant fitness. As a flowering
season progresses, the density and distribution of flowers
in a population will change, as a result of changes in both
the number and distribution of plants flowering, and the
number of open flowers per plant. Even in mass-flowering
species (ones which flower profusely over a short period of
time), individual plants are unlikely to flower in complete
synchrony (Augspurger 1983). This may consequently reduce
the size of the mating population, and hence limit the
number and types of matings possible. As a consequence,
plant populations will often exhibit temporal variations in
the genetic composition of the pollen pool (Fripp et al.
1987). This will have important implications for gene
exchange in populations, since it will increase the
likelihood of assortative, or non-random mating (Bijlsma et
al. 1986, Ennos & Dodson 1987).

Changes in the spatial and temporal distribution of flowers
may also affect reproduction and seed set more indirectly,
through the effects on pollinator behaviour. For example,
an abundant resource (i.e. during times of 'peak'
flowering) may entice pollinators to remain in the same
area for long periods, moving short distances between
foraging bouts. This behaviour would increase the
likelihood of self-pollinations or matings between close
relatives, possibly resulting in a reduction of fitness or
reduced seed production. In contrast, when flowers are
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sparsely distributed, pollinators may be forced to move
longer distances between visits, thereby increasing pollen
dispersal distances. Several studies have illustrated how
variability in floral resources influences pollinator
behaviour and pollen flow (Augspurger 1980, Schmitt 1983,
Webb & Bawa 1983, Melampy 1987, Murawski 1987), levels of
seed set (Schemske 1980, Bullock & Bawa 1981, Thomson 1985,
Helenurm & Barrett 1987, Andersson 1988), gene flow (Handel
& Mishkin 1984) and levels of outcrossing (Ellstrand et al.
1978, Stephenson 1982, Geber 1985). However, most studies
have confined their investigation to comparisons between
species, or between different populations, and have ignored
the influence of variability in flowering traits among
individual plants in a population.

Within the family Proteaceae, there is a paucity of
information on flowering and fruiting patterns, and in
particular on the variability exhibited by individuals
within and among flowering seasons. Although temporal
variation in flowering has been documented for several
species of Banksia (Whelan & Burbidge 1980, George 1984,
Abbott 1985, McFarland 1985, Copland & Whelan 1989) these
studies have generally focused on overall patterns, rather
than more detailed study of variability within a
population.

In this chapter, I investigate the temporal and spatial
variability in flowering within a natural population of
Banksia spinulosa, and attempt to correlate this
variability with pollination success (as measured by
germination of pollen grains and pollen tube growth in the
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style) and the

production of fruit. The

influence of this

variability on pollinator behaviour will be discussed in a
later chapter.

2.1.1. Floral Characteristics of Banksia spinulosa
Flowering in Banksia spinulosa var. spinulosa in the region
of my study occurs during the period April to October
(Copland & Whelan 1989). Individual plants may bear more
than 20 inflorescences, many of which may be open at a
time. The cylindrical flowering spike (referred to here as
an inflorescence) is large and compact, with a height of
between 6 and 12 cm, and a diameter of 6-7 cm during
flowering (George 1984). Flowers are arranged in pairs, and
an inflorescence may contain over 1000 flowers. Flower
opening progresses sequentially from the top of an
inflorescence downwards, so that an obvious advancing front
of open flowers may be discerned. As in other Banksia
species, at anthesis, the perianth splits into four parts,
releasing the style. Pollen is presented on a modified
style-end.(known as a pollen presenter) which is ovoid in
shape, and unlike many other species, open florets have
hooked styles. An inflorescence may take six to eight weeks
to complete flowering (Whelan & Goldingay 1986, Copland &
Whelan 1989), and during this time, nectar is produced in
abundance (McFarland 1985).

2.2. Methods
2.2.1 The Study Site
All field work associated with this study was conducted in
an area of woodland at Barren Grounds Nature Reserve
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(30°40'30"S, 150°43'15"E) near Wollongong in NSW (Fig.
2.1). The Reserve, occupying an area of 1,962 hectares, is
located on an undulating plateau approximately 600m above
sea level, atop the Illawarra escarpment. The vegetation
and geology of the general area is described in Burrough et
al. (1977). The study site selected was an area of woodland
of about 8 hectares. The dominant tree species was
Eucalyptus gummifera, with some E. sieberi. The understorey
consisted mainly of Banksia spinulosa var. spinulosa, with
several patches of B. ericifolia, and B. paludosa (Fig.
2.2). More than one thousand B. spinulosa plants in the
study area, including many of the younger ones, were
permanently tagged and numbered. Each was mapped, and the
distribution of plants is shown in Fig. 2.3. The site was
flanked by heathland on most sides, apart from a tongue of
woodland extending north west, which was not included in
the site. A walking trail passes through the site on the
eastern side, while the road leading up to the picnic area
goes through part of the western edge.

2.2.2. Flowering Patterns
Beginning in 1986, the flowering phenology of 47 plants,
randomly selected from the 1000 tagged plants in the
population, was monitored over a three year period. Yearto-year variations in numbers of inflorescences was
measured on this group of plants. Prior to flowering in
each year, all inflorescences on these plants were
permanently tagged, by attaching numbered aluminium tags to
the stem below each inflorescence. In a manner similar to
that of Copland (1987), the flowering season was
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Figure 2.1. The location of the study site within Barren
Grounds Nature Reserve near Wollongong, NSW.
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Figure 2.2. Vegetation typical of the study site at
Barren Grounds Nature Reserve.
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Map

showing

the distribution

of tagged

mapped Banksia spinulosa plants in the study site.
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arbitrarily divided into three periods; early, mid, and
late. Flowering was recorded only once during each
flowering season, during July (the middle part of the
season), and inflorescences were scored according to their
flowering times. Early inflorescences were those which had
completely finished flowering at that time; mid
inflorescences were those currently flowering (including
those that had just started or just finished), and late
inflorescences were those which had yet to begin flowering.
Collection of these data enabled comparisons of the
patterns of inflorescence production for the same group of
plants over three flowering seasons. Heterogeneity in the
number of inflorescences produced by plants over the three
years was tested using a Friedman's test (Zar 1984).

In order to investigate flowering patterns in more detail,
flowering in a separate group of 50 plants from the same
population was monitored at two-weekly intervals during
1988. These 50 plants were selected prior to the
commencement of flowering, using a table of random numbers.
Of those plants selected, only 29 had inflorescences, and
from these, a total of 182 inflorescences on the 29
flowering plants were tagged and numbered. Each fortnight
throughout the flowering season, inflorescences were scored
according to their stage of development, as defined by the
following eight categories:
I. in bud.
II. scattered flowers open, but no pollen obvious.
III. less than one quarter of all flowers open.
IV. between one quarter and one half open.
V. approximately half the total flowers open.
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VI. between half and three-quarters of all flowers open.
VII. more than three-quarters, but not all flowers open.
VIII. all flowers open.

In order to describe the overall pattern of flowering for
this sample of plants, and compare this to patterns
exhibited by individual plants, several measures were
calculated. These were; the degree of overlap, or
synchrony, of flowering between individuals in the
population (Augspurger 1983), and assessment of the degree
of asymmetry (skewness; gi) and the relative peakedness
(kurtosis; g2) of the flowering curve (Sokal & Rohlf 1981).

Nine individuals had commenced flowering before the first
day of monitoring, and several inflorescences were fully
open at this time. Consequently, the initial rise in the
flowering curve was not known precisely. To reduce bias in
the estimation of skewness, an approximation for this part
of the curve was calculated. This was possible, since it
was known" that flowering had commenced less than three
weeks prior to the first day of monitoring, and for those
inflorescences partly open, the onset of flowering could be
estimated. In addition, five inflorescences commenced
flowering and opened fully in the interval between
monitoring days (i.e. within the two week periods), and so
were missed by the two-weekly census. In order to make the
maximum use of the flowering data, these inflorescences
were included by estimating the number of flowering
inflorescences for the weeks between monitoring days. Since
data on stages of development were available for all other
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inflorescences, it was possible to do this, and so obtain a
more complete estimate of the progression of flowering.

The height of an inflorescence has been considered to be an
indicator of flower number (e.g. Abbott 1985), and thus may
be used as one estimate of the variability in floral
display amongst plants. Inflorescence heights were
therefore measured on a group of 20 plants containing seven
or more inflorescences each. A one way ANOVA, based on the
heights of each inflorescence, was used to test for
heterogeneity amongst plants in this parameter.

2.2.3. Flower Opening Rates
Rates of flower opening were measured several times during
the flowering season in 1988 to assess variability among
inflorescences and over time. For each period, 12 to 14
half-open inflorescences from different plants in the
population were initially selected and tagged during midafternoon, and flower opening was monitored over three or
four days. Since these inflorescences were used
concurrently to monitor nocturnal and diurnal pollen
removal (see Chapter 3), and different inflorescences were
used for nocturnal and diurnal measurements, flower counts
were taken at dawn and dusk, with half of the
inflorescences being bagged for each period. Once
inflorescences had been selected, all open flowers were
clipped (i.e. the top portion of the style was removed) and
inflorescences were bagged with fine fibreglass meshing
(lmm squares). At dusk (1800h) and again at dawn (0600h)
each day, the number of newly opened flowers on each
inflorescence was counted, with half of the inflorescences
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being re-bagged for each period depending on their assigned
treatment.

Flower-opening data were analysed using paired t-tests
(Zar, 1984), to test for any differences between the
proportions of flowers opening for day and night samples.
Separate analyses were conducted for each period of
monitoring. Pooled t-tests were also performed to compare
bagged and unbagged samples within the same 12 hour period.

In conjunction with the above, flower opening was monitored
more closely for one 24 hour period, by counting the
cumulative number of new flowers opening at two hourly
intervals. This was done so that any obvious peaks in
flower opening during a 24 hour period could be discerned.
Randomized block ANOVA's, with the different plants forming
the blocks, were then used to test for any differences
among plants in rates of flower opening.

2.2.4. Pollen Tube Growth
To test for temporal variation in levels of natural
pollination within a flowering season, amounts of pollen
tube growth were measured and compared for mid- and lateflowering inflorescences left open to normal pollination
during 1988. Collections of between 15 and 30 styles were
made from each of 19 mid-flowering and 15 late-flowering
inflorescences (each from a different plant) which had been
left open to pollinators. To avoid potential problems in
removing flowers from plants for which fruit set was being
assessed (Section 2.2.5), samples were taken from either
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those plants being monitored at two-weekly intervals
(Section 2.2.2.), or others flowering at the same time.
Inflorescences selected were scattered throughout the
population, and only one inflorescence from each plant was
sampled. For both periods, collections were made when all
flowers on inflorescences had opened, and styles were
sampled by taking pairs of styles from most parts of each
inflorescence, excluding the basal portion, which may not
have been visited at that time.

Preparation of styles for observing pollen tubes followed
a modification of the method of Martin (1959). Immediately
after collection, styles were placed in a fixative
(ethanol:acetic acid; 3:1) for two hours, and then
transferred to 70% ethanol for storage. Styles were
subsequently softened in 1 M NaOH for 24 hours, and then
placed in a solution of 10% decolourized aniline blue for
at least 24 hours prior to viewing. Squashes were made by
excising the top 1cm of a style, and placing it on a
microscope slide with a drop of aniline blue. A coverslip
was placed on top, followed by a second slide. The whole
mount was then gently squashed by hand, and the second
slide removed. Observations were made with a fluorescence
microscope, using a magnification of 100X for preliminary
observations, and 400x to enable more accurate
identification and counting of pollen tubes.

Counts of pollen tubes were usually made close to the
stigmatic region, where individual pollen grains and
attached tubes could be observed. Additional observations
were made in the transmission tissue, further down the
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style where possible (to at least 10mm), to check for
continued growth of pollen tubes. Fungal growth, which was
evident in many of the preparations, appeared to be
negatively associated with pollen tube growth, so any
evidence of this was also noted. Using this technique, the
proportion of pollinated flowers and the numbers of pollen
tubes contained within each were counted and compared for
all styles collected within each period. A heterogeneity
chi-square test was conducted to test for any differences
in the proportion of flowers containing pollen tubes in
mid- and late-flowering samples. The numbers of pollen
tubes within each pollinated flower were compared using a
Mann-Whitney U-test (Zar 1984).

2.2.5. Seed Set
Those plants for which flowering was monitored over three
years (Section 2.2.2) were also used to assess natural
levels of seed production for the three designated periods
within each flowering season. Tagged inflorescences were
left undisturbed on plants, allowing natural pollination.
In the January following each flowering season, numbers of
barren and non-barren inflorescences were counted.
Collection of infructescences, however, was left until
January 1989, to reduce any possible effects on the
following year's flowering created by their removal. The
length of each infructescence was measured and the number
of follicles present on each counted. Percentage fruit set
was estimated from these data, using estimates of flower
numbers per inflorescence based on a correlation between
the number of flowers and inflorescence height. To
establish this correlation, a total sample of 34
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inflorescences was collected over several flowering
seasons. For each one, the length of the inflorescence and
the number of flowers was determined. A least squares
regression equation was then calculated, y = 72.74x +
117.08 (where y = number of flowers and x = length of
inflorescence), and found to be highly significant (r2 =
0.822, p<0.001). This equation was used to predict the
number of flowers for each non-barren infructescence, and
obtain the proportion of flowers which set fruit for each
infructescence.

2.3. Results
2.3.1 Flowering Phenology
Inflorescence production for the 47 plants monitored during
three flowering seasons showed considerable variations in
several parameters, namely: (i) total numbers of
inflorescences produced each year, (ii) the number of
plants flowering each year, and (iii) patterns exhibited by
individual plants (Table 2.1). Of those plants initially
selected,.six did not flower at all during the study, and
were excluded from any subsequent data analysis, since they
were thought to have been young plants.

The numbers of inflorescences produced per plant showed
significant heterogeneity among the three years (Table 2.2;
Friedman's test, P <0.05). The most prolific flowering year
was 1987, with 37 plants producing a total of 224
inflorescences. In comparison, the 29 plants flowering in
1986 produced 144 inflorescences, while 166 inflorescences

33
Table 2.1.

Numbers

spinulosa plants

of

inflorescences produced

during early-,

for 1986, 1987, and 1988. Two
one year (as indicated by - ) .
Plant

Early

Mid

86

87

88

86

87

88

5
7
12
20
34
43
45
50
51
78
79
90
94
101
108
135
141
144
152
156
199
216
228
237
272
273
285
289
305
308
311
315
317
320
322
325
326
329
345
359
363
369
370
371
375
376
435

1
1
8

5
7
1
11

4
25
2

1
2
2
4

1
6

1

7
3

1
2
1
2

8
4

2
15
6
9
2
1
4
3
1

4
4
2

7

3

4

7
1

2

1

3
1
6
6
2
4
1

4
7
7
4
4
6

1

1
4
4
3
1

1
2
7
2

9

2
8
3
7
5
2
1

1
2

1

4
1

2
2

1
1
4

2

1
2

7

8
1

1

3
5
2

1
3
1

1

3

3
1
2
1
1
3
2
1
4

Late
86 87 88
1
5
1
1

2
1
4
1

3
2
1
1

1
1
2
2
2

2
1
0
1
1
1
1

1
1
1

2

5
2
2

3
3

6

4

1

5

5

1
1
1

2
2
1
1

2

1

3

4
2

1
1

1

2
3

1
1

1
6

1
4

Total 70

1

2
6
1
4

1

1
95

67

51

99

71

23

30

T otal
86

87

88

2
3
11
5

8
22
7
22
3
2
10
5
3
0
6
1
0
8
17
12
11
9
9
1
2
0
4
1
5
3
0
1
3
0
9
2
0
9
5
1
0
0
0
3
2
4
6
1
1
6

5
36
2
3
0
1
4
12
6
0
7
0
1
2
3
12
4
1
3
1
2
0
6
6
8
6
1
4
0
0
1
2
0
6
1
0
0
0
0
4
11
1
4
0
0
0
0

_

1

1
4

1
2

and late-flowering

mid-,

1
1

B.

plants were not monitored in

No.

1

by 47

28

1
0
7
3
0
17
1
2
5
5
11
9
3
4
11
0
1
3
2
0
0
0
0
3
0
0
12
0
10
0
0
0
0
0
1
2
1
2
0
0
1
6

—*

144 224 166
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Table 2.2. Comparison of the total number of inflorescences
produced on 47 B.
flowering seasons.

spinulosa plants

1986

Total no. inflorescences

during each

1987

of three

1988

144

224

166

29

37

32

flowering plant

4.96

5.85

5.19

s.e.

0.79

0.94

1.14

Range

1-17

1-22

No. plants in flower
Mean no. inflorescences/

1-36
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were produced on the 32 plants flowering in 1988.
Furthermore, the larger floral display observed in 1987 did
not reflect a consistent increase in the flower production
of all plants; only 17 out of the 41 plants produced a
greater number of inflorescences in 1987 than in the other
two years, and of those that did, many were plants that did
not flower in the other years. It was also apparent that
plants did not consistently produce few or many
inflorescences; inflorescence production was highly
variable, and no clear trends could be found.

The timing of inflorescence production also varied
considerably amongst individual plants, both within and
between years. Although some plants presented most of
their flowers during one part of the season only, no
consistent patterns were evident over the three years. For
example, those plants that flowered early in one year,
didn't necessarily do so in the following years. During
1986 and 1987, approximately half of the flowering plants
produced most of their inflorescences early in the season,
but this was not evident in 1988. When the flowering
distributions for plants presenting a large floral display
(i.e. 10 or more inflorescences) were compared to those
which produced relatively few inflorescences (3 or less),
it was found that those producing large numbers of
inflorescences commonly produced inflorescences in all
parts of the season (Table 2.3). As would be expected,
plants with fewer inflorescences were most likely to flower
in only one part of the season, and in no cases did plants
with few inflorescences flower throughout the season.
Although variability in inflorescence production was

36

Table 2.3. Comparisons of
plants which produced few

the duration of flowering for
(less than 4) or many (10 or

more) inflorescences during 1986, 1987 and 1988. Values are
the number of plants
season only,
periods of

flowering (1) during one

part of the

(2) during

two out

of the

three designated

each season,

and (3)

throughout the

whole of

each season.

Number of
inflorescences

1986
1 2 3

1

1987
2 3

9

4

1988
1 2

3

10 or more 015 024 013
less than 4

6

8

0

0

14

0

0
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apparent

for

individual

plants,

when

all

plants

were

considered together, total inflorescence production for
each phenological group was consistent between years. For
all years, inflorescence production was less in the latter
part of the flowering season, with the number of earlyand mid-flowering inflorescences being approximately equal
(Fig. 2.4).

The patterns of flowering described above were supported by
observations on the sample of plants monitored in more
detail during 1988. The flowering curve obtained for this
group was positively skewed to the right (gi'raw' = 0.276,
gi'extrapolated' = 0.366; Fig. 2.5). This indicates that
flowering in this population rose relatively sharply in the
early part of the season, tapering off more slowly towards
the end. However, gi was significantly positive only when
extrapolated values were used (t = 3.28, P < 0.01). These
data also showed a tendency towards platykurtosis, or
flattening of the curve (g2'raw' = -0.440, g2'extrapolated'
= -0.137), although this was not significant for either
estimation. Flowering was greatest during the middle part
of the season, with both the number of plants flowering and
the mean number of inflorescences flowering per plant being
highest at this time. Flowering in the latter part of the
season was consistently much less than at other times, both
in the number of plants flowering and the number of
inflorescences per flowering plant.

When patterns of flowering by individuals are considered,
it becomes clear that the overall curve generated for the
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1988

Year

Figure

2.4.

Number

of

inflorescences

which

flowered

during early (black bars), mid- (hatched bars), and lateflowering (grey bars) for 1986, 1987 and 1988.
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40 -i
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Figure 2.5.
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Flowering
182

curve

inflorescences

for a

group

monitored

intervals during 1988. Day 0 was 8th May.

of 29
at

two

plants,
weekly
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population is not indicative of most individuals. Plants do
not all follow the same general flowering curve, and the
onset and timing of inflorescence production varies
considerably between plants. This is illustrated in Table
2.4, which details the timing and abundance of flowering
for individuals. It is also evident that there was some
degree of overlap between flowering in many of the plants.
However, at no time during the season were all plants in
flower, and some plants which commenced flowering early in
the season had finished before later ones started (for
example, Plant No. 515 had finished flowering prior to
flowering of four other plants). The degree of synchrony,
or overlap, was calculated for each plant and for the whole
population. Values of synchrony can range from zero to one,
with zero indicating complete asynchrony (i.e. each
inflorescence is in flower at different times). Flowering
synchrony for the population was at an intermediate level,
with a mean value of 0.41. Individuals showed some
variability, with a range amongst individuals of between
0.24 and 0.64.

Mean heights of inflorescences for plants with seven or
more inflorescences ranged from between 5.6cm and 13.3cm
(Table 2.5), and a one-way ANOVA indicated that were was
significant variability in inflorescence height amongst
plants (F = 3.21; p < 0.025).

2.3.2. Flower Opening Rates
Rates of flower opening showed some variability amongst
individual inflorescences, with some consistently
presenting more flowers per day than others. The numbers of
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Table 2.5. Mean heights of inflorescences from 20 different
plants containing more than
means +. s.e., n
plant.

is the

six inflorescences. Values are

number of inflorescences

on each

Mean inflorescence height (cm)

Plant

1

Height

8.93

s.e
n

0.61
7

2

3

4

5

6

7

10.14

10.00

10.70

7.29

6.30

13.29

0.62

0.85

0.77

7

9

15

Plant 8 9 10 11 12 13 14
Height 10.50 11.44 11.12
s.e.

0.74

n

1.10

9.94

7

0.64
8

7

12.38

12.59

10.56

0.76

0.32

0.48
8

0.64

0.59

11

8

21

8

8

11

Plant

15

16

17

18

19

20

Height

11.67

10.79

8.43

10.36

5.60

8.12

0.95
9

0.60
12

0.92
7

0.51
7

0.27
10

0.87
8

s.e.
n

1.20

0.25
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new flowers opening during the day and at night were
significantly different for only one of the 24 hour periods
monitored during July (Table 2.6). Later in the season,
however, flower opening was greater during the day than at
night, and a significant difference between day and night
was detected for two out of three days (Table 2.6). Nonparametric Wilcoxon matched pairs signed rank tests gave
essentially the same results for all periods. Pooled ttests, for bagged and unbagged samples within the same 12
hour period were not significant at the 5% level,
indicating no effect of bagging on the rate of flower
opening.

The numbers of flowers opening at two-hourly intervals were
compared using ANOVAs in randomized complete block designs,
with blocks being the different plants, and treatments
being the different times. Values for day and night samples
were analysed separately, since a different sample of
plants was used for each. During the day, there were no
significant differences between times. However, the F test
was almost significant at the 5% level for night samples,
and individual treatment means were compared using t-tests.
Differences between 6-8pm and 12-2am, and between 12-2am
and 4-6am were significantly different at the 1% level
(Table 2.7). Block sum of squares were significant at the
5% level for both day and night, indicating that there were
differences between plants in the number of new flowers
opening.

2.3.3. Pollen Tube Growth
Pollen tube growth was expressed in two ways: (i) the
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Table 2.6.

Comparisons of

for B. spinulosa

during 1988,

using paired t-tests.
number

of

numbers of new

samples

for day and

Samples are mean
in

brackets

difference between the two sample
as that

which

occurred,

will be

flowers opening
night periods,

+ standard errors,

(n). *

means

that

means, at least as large
observed

when the

samples are from the same Normal distribution.

Experiment

Date

Nocturnal

A.

7/7
8/7

33.33 + 5.14
21.83 + 2.79
32.67 +_ 2.86

0.732

(n=12)

31.25 + 7.88
30.42 + 5.88
37.50 + 6.26

32.75 + 4.36
33.58 + 3.05

0.561

13/7

38.00 + 9.13
32.67 + 3.50
29.58 + 3.18

14/7

26.75 + 3.09

27/8
28/8

25.14 ± 5.091
13.57 ± 1.81

29/8

17.07 + 2.52

9/7
B.

11/7

(n=12)

12/7

C.
(n=14)

sample size of seven.

a

Diurnal

31.33 ± 4.36
28.17 + 3.96
30.43 + 4.88
26.07 + 4.48
27.00 + 2.56

P*

0.046
0.395

0.834
0.573
0.466

0.542
0.035
0.005

two
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Table

2.7.

Comparison

of

mean numbers

of

new

flowers

opening (+. s.e.) every two hours during one 24 hour period,
and results

from

randomized block

Since samples taken during

Analysis of

the day and at

Variance.

night come from

different groups of plants,

they were analysed separately.

The

taken

ANOVA,

blocks

were

treatments were different

times,

Difference ( = t-value x
between pairs of means.

x

as

different

LSD =

s.e.d),

Least Significant

compares

differences

A. Two-hourly flower opening
Nocturnal
Time

Diurnal

No. flowers

Time

No. flowers
7.83 + 1.61

6-8pm

2.83 + 1.04

8-10pm

4.83 + 1.64

6-8am
8-10am

10-12pm

6.67 + 1.43

10-12am

12-2am

7.83 + 1.23

12-4pm

5.67 + 1.19
6.67 + 2.68

2-4am

4.83 + 1.54

4-6am

2.83 + 0.72

4-6pm

5.5 + 1.6 5

6.00 + 1.31

B. Analysis of Variance Summary Table
Source of variation

SS

DF

MS

1. Nocturnal observations
Total

488.97

Times
Block
Remainder
F = 2.58, NS

35

121.47

5

24.29

132.47

5

26.49

235.03

25

9.40

11% LSD = 4.93

2. Diurnal observations
Total

584.67

Times
Block
Remainder
F = 0.32, NS

29

21.67

4

5.41

224.67

5

44.93

338.33

20

16.92

11% LSD = 3.64

plants,
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proportion of flowers containing some pollen tubes, and
(ii) the number of pollen tubes growing down each
pollinated style. Overall, pollen tubes were observed in
40% (318/798) of the open-pollinated flowers sampled, with
at least one sampled flower from each inflorescence
containing some pollen tubes. A significant difference was
detected in the total proportion of flowers containing
pollen tubes for mid- and late-flowering samples. For midflowering samples, 44.7% of flowers contained pollen tubes,
compared with 35% for late-flowering samples (X2 = 7.86, P
<0.01; Table 2.8). There was considerable variability in
these proportions amongst inflorescences; the percentage of
pollinated flowers per inflorescence ranged from 4.5% to
80% for mid-flowering and 4.1% to 67.9% for late-flowering
samples. The number of pollen tubes per pollinated flower
also showed individual variations, with flowers having
between one and 13 pollen tubes per style (Fig. 2.6). A
significant difference in the mid- and late-flowering
samples was detected, with fewer pollen tubes detected in
late-flowering samples (Mann-Whitney U-test, P < 0.003).

The presence of fungus was common in the flowers sampled
(Fig. 2.7); of those flowers collected from mid-flowering
inflorescences, 25% showed some evidence of fungal attack,
while for late-flowering ones this was 23%. This was
distributed among more than 70% of those 34 inflorescences
sampled. Fungal growth sometimes appeared to retard pollen
germination and tube growth, either at the stigma tip (i.e.
pollen grains germinated, but pollen tubes terminated
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Table

2.8.

Comparisons

of

the

proportion

of

flowers

containing pollen tubes and the numbers of pollen tubes per
style for open pollinated B. spinulosa flowers at different
flowering

times.

Samples

inflorescences and 15 late
number of flowers are
Mann-Whitney U-test.

come

from

19

mid-flowering

flowering inflorescences. Total

in brackets.

Mid

a

chi-square

test,

Late

b

P

% flowers with
pollen tubes (n)

44.7 (398)

35.0 (400)

Range

4.5-80.0%

4.1-67.9%

Mean no. tubes/
style + s.e
Range

3.35 + 0.19

2.23 + 0.11

1-13

1-6

P<0.01a

P<0.003b
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No. Pollen Tubes per Style

Figure 2.6.

Frequency

distribution

of styles

containing

various numbers of pollen tubes for mid- (black bars) and
late-flowering (hatched bars) samples during 1988.
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Figure

2.7.

growth

(fu)

A

Banksia spinulosa
on

the

stigmatic

transmission tissue. (pg) are
(pt) indicate pollen tubes.

style,
surface

showing
and

fungal
in

the

germinated pollen grains and
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before entering the stylar tissue), or further down the
style. In many cases, fluorescence was absent from these
pollen tubes, and often the fungi had invaded the whole
length of the transmission tissue in the style.
Ungerminated pollen grains were also evident on many
stigmas, including those with some pollen tubes. These
usually showed evidence of fungal attack, which may be one
reason they still adhered to stigmas after repeated
washings.

2.3.4. Seed Set
The total number of infructescences (i.e. those
inflorescences bearing follicles) produced each year in
plants which had flowered was similar and consistently low.
However, when these numbers are converted into proportions
of inflorescences producing follicles, some differences
become apparent (Table 2.9). In 1987, the year of most
prolific flowering, proportionally fewer inflorescences
bore follicles. These differences, however, were not
statistically significant (X2 = 4.06 , P <0.25 ). Although a
greater proportion of plants produced infructescences in
1986 (18/29) compared to the other years (12/36 in 1987 and
13/32 in 1988), the mean number of infructescences per
productive plant was less in this year. Furthermore,
numbers of follicles produced per infructescence was also
less in 1986 than in other years (Table 2.9).

If total follicle production per plant is considered to be
a useful indicator of reproductive output, the most
successful year overall was 1988. During this year, plants
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Table 2.9. Flowering and fruiting
during 1986, 1987 and 1988.

data for

B. spinulosa

1987a

1988

29

36

Total inflorescences

144

215

32
166

Total infructescences

31

28

31

plant

1.72

2.33

2.39

+ s.e.
Mean no. follicles/

0.23

0.57

0.56

58.74

65.09

93.87

+ s.e.

6.83

9.72

% fruit set

1.59

0.92

1986

No. plants

Mean no. infructescences/

infructescence

a

7.22
1.77

inflorescences from one plant were unavailable.
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produced almost

double

the

number of

follicles than

either of the previous two years (Table 2.10). This was due
to a marked increase in the mean number of follicles per
infructescence, since the number of infructescences
produced was not greater than for other years.

Of the 21 plants that flowered in all three years, six
(28.6%) consistently set some seed, whilst another six
failed to set any. Of the remainder, most either produced
seed in 1986 only, or in 1986 and 1987. Plants which
consistently set seed also produced a relatively greater
proportion of infructescences in each year than others
setting seed (i.e. more of their inflorescences bore
follicles). As a consequence, these plants produced more
than double the number of follicles than other plants in
the population (i.e. 225.47 + 37.62 compared to 98.22 +
11.34; Table 2.10), indicating that these plants were more
successful each year as well as overall. For these plants,
t-tests were carried out to determine whether plants which
always produced seed had a greater mean number of
inflorescences than the remainder. These showed no
significant differences for 1986 and 1988, but were
different for 1987 (t = 2.54, P <0.02).

To investigate further the relationship between
inflorescence numbers and reproductive success, least
squares linear regressions were calculated for each plant
by regressing numbers of inflorescences, and numbers of
non-barren infructescences and follicles. These yielded a
significant result only for 1988 (Table 2.11). When similar
regressions were conducted using percentage fruit set and

in
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Table 2.10.

Reproductive

output, measured

infructescences (No. cones), number
inf1)

and

number

of

follicles

as numbers

of

of inflorescences (No.
(No. foil),

for
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B.

spinulosa plants monitored during 1986, 1987 and 1988.

Plant
No.

5
7
12
20
43
45
50
51
79
90
94
101
108
135
141
144
152
156
199
216
228
237
272
273
285
289
305
311
315
322
325
359
363
369
370
371
375
376

No.

infl cones

No.

No.

1987
No.

foil, infl cones

3
11
5
1
0
7
3
17
1
2
5
5
11
9
3
4
11
0
1
3
2
0
0
0
0
3
0
12
0
0
1
2
1
2
0
0

1
0
1
3
0
0
3
3
1
1
1
2
1
4
2
1
1
2
0
1
0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0

42
0
67
247
0
0
154
99
127
48
76
95
46
105
89
28
18
129
0
167
0
0
0
0
0
0
0
0
0
0
0
0
162
0
0
0
0

8
22
7
22
2
10
5
3
6
1
0
8
17
12
11
9
9
1
2
0
4
1
5
3
0
1
3
9
2
5
1
3
2
4
6
1
1

0
0
1
2
0
0
2
2
0
0
0
3
1
8
1
0
0
0
0
0
0
0
3
0
0
0
0
0
0
0
0
0
1
0
0
0
0

1

1

122

6

3

1821

212

2

Total 128

1

1986
No.

numbers of follicles were

cocktoos.

No.

No.

foil, infl

0
0
89
226
0
0
193
89
0
0
0
214
43
424.41
31
0
0
0
0
0
0
0
92
0
0
0
0
0
0
0
0
0
71
0
0
0
0
171.61
1644

5
36
2
3
1
4
12
6
7
0
1
2
3
12
4
1
3
1
2
0
6
6
8
6
1
4
0
1
2
1
0
4
11
1
4
0
0
0
160

1988
No.

No.

cones foil.

0
1
0
3
0
1
6
0
0
0
0
1
1
6
0
0
0
0
1
0
0
0
1
0
0
3
0
1
0
0
0
0
5
0
0
0
0
0

0
67
0
473
0
77
441
0
0
0
0
111
101
482
0
0
0
0
90
0
0
0
102
0
0
286
0
67
0
0
0
0
470
0
0
0
0
0
2767

estimated, due to predation by
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Table

2.11.

Simple

linear

regressions

showing

the

relationship between number of inflorescences per plant and
fruit production.
number of

production

infructescences

follicles per plant
set per

Fruit

plant (%

was

measured as

(no. infruct.),

(no. follicles), and

the

the number

of

percentage fruit

fruit set). Analysis for

each includes

plants which did not produce follicles.

Year
No. infruct.

0.063

0.756

1.612

0.215

0.082

0.082

0.286

3.036

0.091

0.122

0.094

0.483

4.176

0.049*

3.137

47.215

1.104

0.303

0.350

6.053

16.304

4.468

0.042*

1988

0.282

6.868

55.310

2.599

0.117

1986

0.302

-0.676

8.407

6.938

0.018*

1987

0.505

-0.181

4.070

9.164

0.014*

1988

0.450

-0.191

6.241

2.799

0.123

1986
1987
1988

No. follicles 1986
1987

% fruit set

r2
0.056

0.039

* denotes statistically significant values.
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number of inflorescences, significant values were obtained
for 1986 and 1987.

Although late flowering inflorescences consistently
produced fewer infructescences than those flowering at
other times, the proportions of non-barren infructescences
for each defined phenological group (early, mid- or lateflowering) were not significantly different in 1986 or
1987. However, in 1988, significantly more mid-flowering
inflorescences produced fruits than either early- or lateflowering ones (Table 2.12).

2.4 Discussion
2.4.1. Comparison with Other Studies
Banksia spinulosa occurs over a wide geographic range, and
is currently divided into several varieties (George 1984).
From the limited data available, it appears that these
varieties exhibit some differences in their patterns of
flowering and fruiting. The differences are reflected in
the length of flowering periods, levels of fruit set, and
possibly breeding systems (Table 2.13). Flowering in the
species occurs during winter, although slight variations in
flowering times are evident amongst populations studied
(McFarland 1985, Turner 1985, Copland & Whelan 1989). The
length of the flowering period observed for B. spinulosa
var. spinulosa in this study was similar to that found for
other populations of this variety (Copland & Whelan 1989).
However, it was at the individual level that the degree of
variability became evident, a factor often ignored. This
highlights the need for caution in interpreting results for
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Table 2.12. Comparisons of the percentage of inflorescences
which developed
during

follicles

and mean

number of

follicles,

early-, mid- and late-flowering for three flowering

seasons.

Results

for

non-barren

infructescences

in

different phenological groups are compared using chi-square
tests, done separately for each year.

Number of

Date

infl orescences

In fl orescences

Follic les per

se tt ing seed

infrue tescence

n

%

X

s. e

1986
Early

70

22.9

16

40.38

7.86

Mid

50

22.0

11

71.0

11.07

Late

24

16.7

4

98.50

11.72

Early

94

15.9

15

58.31

10.67

Mid

96

12.5

12

73.78

19.99

Late

25

4.0

1

75.00

Early

67

7.5

5

73.80

18.09

Mid

71

36.6

26

97.73

7.80

Late

28

0.0

0

1987

1988

0
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Table 2.13. Flowering and fruiting characteristics recorded
for various

subspecies of

Banksia

spinulosa.

%nbc

- non

barren cones, %fs - fruit set, fp - flowering period, ass autogamaous seed set.

Subspecies

Year

X nbc

neoanglica

1986

69.4

8.4

65.0

?

cunninghamii 1980

60.0

3.6

spinulosa.

12*

collina

1981-83

1975

% fs

fp

ass

Source

Yes

Vaughton (1988)

Apr-Nov

?

McFarland (1985)

May-Aug

Yes

No

Turner (1985)

Carpenter &. Recher
(1979)

1983

19.0

1984

25.0

1985

10.7

?

1986

42.7

?

1986

21.0

1.6

1987

13.0

0.9

1988

18.0

1.8

No

Whelan &. Goldingay
(1986)

Apr-Oct

?

Copland & Whelan
(1989)

Apr-Oct

?

this study

" this value was calculated on a per shrub basis, and not as a mean
of the total.
? indicates that data were not available for this parameter
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a population as a whole, since it will mask any individual
variability inherent in the population. Perhaps the most
notable feature was the degree of variability amongst
plants and over flowering seasons. Amongst plants, this
variability was expressed in most floral characteristics,
including rates of flower opening, number of inflorescences
per plant, and inflorescence sizes (and hence flower
numbers) as well as differences in fruit set.

2.4.2. Limitations to Fruit Production
Although many hundreds of flowers are produced on each
inflorescence, very few of these actually make a maternal
contribution to the seed-bank. In this study, fewer than
half of those flowers sampled were successfully pollinated
and showed evidence of pollen tubes. However, successful
pollination doesn't necessarily result in the production of
fruit; the proportion of flowers which are pollinated and
become mature fruits is much lower than this, with values
of between 1% and 2% obtained in the present study. It
should be noted, however, that the maximum possible fruit
set would in any case be far less than the total number of
flowers, due to space constraints on an inflorescence
(Turner 1985). The phenomenon of low fruit set is
widespread in the Proteaceae (Collins & Rebelo 1987) and is
also evident in many northern hemisphere species
(Charlesworth 1989). Although several alternative
hypotheses have been postulated to account for this (see
Ayre & Whelan 1989, Charlesworth 1989), few conclusive data
have yet been obtained for Proteaceous plants (Collins &
Rebelo 1987, Ayre & Whelan 1989). Any attempt to explain
the underlying mechanism here must therefore be
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speculative. However the data presented in this chapter
provide some preliminary indications of possible
mechanisms, showing that several factors probably combine
to produce the observed levels of seed set.

Firstly, a scarcity of pollinators, or lack of visitation
is unlikely to be an important factor in this population
since levels of pollination (as measured by pollen tube
growth) were much higher than resulting fruit set.
Pollination limitation may also be expressed as a
consequence of a plant's breeding system. In some
incompatible species, the receipt of large amounts of self
pollen may result in stigma or style 'clogging', thus
precluding the successful fertilization of other,
compatible pollen (Snow 1982, Shore & Barrett 1984).
Available data on levels of seed set for B. spinulosa
indicate a marked difference between B. spinulosa var.
spinulosa and other subspecies, which may be related the
differences in their breeding systems. B. spinulosa var.
spinulosa, which appears incapable of producing seed by
autogamy (Whelan & Goldingay 1986), produces few seedbearing infructescences, with a range of between 10% and
43% (Whelan & Goldingay 1986, Copland & Whelan 1989). This
compares with around 60% for a population of another
variety (B. spinulosa var. neoanglica; McFarland 1985,
Vaughton 1988) which can produce seed when pollinators are
excluded. Since the breeding system of the population at
Barren Grounds is not known, it remains to be seen whether
the type of pollination limitation described above could
occur. Further understanding will also require a knowledge
of pollen types normally deposited on stigmas. If the
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population at

Barren

Ground

proves to

be largely

self-

incompatible, the receipt of large amounts of self-pollen
may at least partly explain the observed lack of seed set
here.

There is some evidence that partitioning of resources may
play a significant role in limiting fruit set in some
plants (Pyke 1982, Delph 1986, Wallace & 0'Dowd 1989). The
data presented here also provide some suggestion of an
upper limit imposed on the number of infructescences
produced, and indicate that some plants may be consistently
more successful than others. For example, the number of
infructescences produced each year was similar, even though
the production of inflorescences varied. Furthermore, a
considerable proportion of plants consistently produced
fruits, while another group never did, even though they
produced apparently normal inflorescences. Experimental
investigation would be required to substantiate this. One
further hypothesis, which has not been considered until
now, is the possible role of fungal growth in limiting seed
set. This was found to be present in many of the flowers
investigated for pollen tubes, and in most cases it
appeared to be associated with the inhibition, or
termination of pollen tube growth. To my knowledge the
proliferation of fungi has not been reported for other
species of Banksia. However it may simply not have been
noticed. Further investigation of this phenomenon may
reveal a causative effect between the presence of fungi and
an absence of seed set.

61
2.4.3. Annual Variations in Flowering and Fruiting
Yearly fluctuations in the total number of inflorescences
produced by each plant were evident in the population, with
1987 being a particularly good flowering year. However, not
all plants showed increased flowering during 1987;
fluctuations were partly due to changes in the number of
plants flowering. Similar yearly fluctuations in
inflorescence numbers have been detected by Copland &
Whelan (1989) in a four year study on four species of
Banksia from the same region, and also by McFarland (1985)
for B. integrifolia in New England National Park. Little is
known yet about factors influencing flowering abundance,
although changing environmental factors (such as
photoperiod, temperature and moisture) are known to
influence flower initiation in some species (see Rathcke &
Lacey (1985) for review). It is possible that the patterns
observed in my study result from the same influences
tentatively proposed in the above studies; namely, the
changing availability of nutrients, possibly in association
with climatic variation.

For some plant species, individuals show a tendency to
exhibit constant flowering characteristics (such as
duration and timing) over successive years (e.g. Primack
1980, Griffin 1980, Gross & Werner 1983). This has usually
been attributed to genetic or environmental variability,
although this has been substantiated on only a few
occasions (e.g. Mclntyre & Best 1978). For B. spinulosa at
this site, no evidence of year-to-year constancy among
plants was detected; individuals did not produce the same
number of inflorescences each year (nor relative to other
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plants in the population), nor did they flower for the same
period of each year, and some were found to miss flowering
in certain years.

Differences in fruit production between years were also
evident in the population. Although the total number of
infructescences produced each year was similar, mean
numbers of infructescences per plant, mean follicle numbers
per infructescence, and percentage fruit set varied from
year to year. Overall, 1988 was the most successful year in
terms of reproductive output, with the number of fruits
produced being almost double that of other years. This was
primarily due to an increase in the numbers of follicles
per infructescence compared with other years. These results
are in contrast to other findings for B. spinulosa (Copland
& Whelan 1989, Whelan & Goldingay 1986), in which follicle
numbers remained relatively constant. Moreover, in the
study by Copland & Whelan (1989), total seed production per
plant was highest in the year of most abundant flowering.

Patterns of seed set did, however, show some repeatable
characteristics. Of those plants which flowered each year,
30% consistently set some seed, whilst a further 30% failed
to produce any seed during the study. Individuals producing
seed in all three years, also produced a greater number of
follicles each year relative to other plants in the
population. There are several possible explanations for
these consistent differences in fecundity among plants.
(i) Highly fecund plants in the population may be in
particularly favourable locations, possibly as a
consequence of microhabitat differences (for example,
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relative nutrient

availability or moisture

levels (Schoen

et al. 1986); abundance of pollinators), or the genetic
structure of the population (i.e. the relatedness of
neighbouring plants (Price & Waser 1979)).
(ii) A larger floral display may be more attractive to
pollinators, resulting in higher rates of visitation and
greater overall seed production (e.g. Schemske 1980,
Andersson 1988).
(iii) Some plants may have a greater resistance to insect
attack (Whitham & Slobodchikoff 1981).
(iv) Particular individuals may be genetically superior
(e.g. Schaal & Levin 1976, Silander 1984).
(v) There may be some relationship between patterns of seed
set and the age structure of a plant population.

While the above factors have been shown to influence
reproduction to a greater or lesser extent in a range of
species, it is difficult to elucidate which factor(s) might
determine the observed pattern in the B. spinulosa
population under study. Levels of pollination (as evidenced
by pollen tubes) were consistently variable amongst
individuals. Furthermore, although there was a weak
correlation with inflorescence number and seed set, this
was variable over years, and could not account for much of
the observed trend. From the limited evidence available, it
is likely that several of the above factors contribute,
although much more work will be required to gain a full
understanding of these processes in Banksia.

2.4.4. Flowering Phenology and Reproductive Success
Variations in levels of fruit set for flowers of particular
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phenological groups is well-documented (e.g. Augspurger
1981, Thomson 1985, Helenurm & Barrett 1987) and is usually
associated with increased seed set during periods of more
abundant flowering. Although no consistent significant
differences were detected among phenological groups in this
study, late-flowering inflorescences generally displayed
reduced seed set compared to others. A similar result has
been obtained for B. ericifolia (Copland & Whelan 1989),
and was attributed there to the possible depletion of
resources available for fruit development as the flowering
season progressed. In the present study, the number of
pollinated flowers (as measured by pollen tube growth) was
significantly reduced later in the season, indicating that
pollination levels may change through a season.
Furthermore, fewer pollen tubes were observed in the styles
of later flowering individuals. Although it is unlikely
that pollination limitation from inadequate pollen receipt
affects overall seed set, it may account for the observed
reductions later in the season. If a minimum number of
pollen tubes is required to produce seed (i.e. the pollen
population effect; Ganeshaiah et al. 1986), any reduction
in pollinator visitation may be reflected in lower seed
set. Examination of this requires a knowledge of pollinator
behaviour, as related to changes in flowering through a
season, as well as experimental manipulation of flowers.

2.4.5. Implications for gene exchange
Although studies of flowering phenology tell us nothing
about gene exchange per se, they do indicate potential
patterns of gene exchange and the likelihood of mating
between individuals. Mating system models generally assume
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the pollen pool to be randomly distributed over maternal
plants (Clegg 1980). This assumption is known to be
violated by the presence of genetic structure, when the
likelihood of matings between close relatives is enhanced
due to their proximity (e.g. Ennos & Clegg 1982).
Furthermore, even if genotypes are randomly distributed in
a population, changes in the distribution of plants in
flower through a flowering season may influence the
availability of genotypes, and so create structure,
confounding estimates of mating systems. Until recently
however, little consideration has been given to the
influence of flowering, and very few studies have
specifically addressed this issue (Fripp et al. 1987). In
the study by Fripp et al. (1987) on a mass-flowering
species, it was found that both timing of flowering and the
relative fecundity of individuals influenced pollen allelic
frequencies, although not levels of outcrossing.

In the present study, the flowering patterns observed would
be expected to create changes in temporal and spatial
distributions of potentially mating individuals in the
population. The degree of temporal overlap among flowering
plants was at an intermediate level in this population
during 1988, with individuals showing considerable
variability. Few plants produced inflorescences throughout
the season, so most were available as male and female
parents for only part of the season. Flowering was most
prolific during the middle part of the season, with a
maximum of 73% of plants being in flower simultaneously.
This dropped to 3% towards the end of flowering. Those
plants which flowered synchronously have a greater
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probability of

mating with

each other, while

those which

flower over a longer period increase the number of
different individuals with which they may mate.
Furthermore, in the latter part of the season when there
are fewer inflorescences in flower, the distance between
flowering plants may be increased. The implication for gene
exchange is a possible increase in outcrossing, although
this will also depend on pollinator behaviour.

One further consideration is the relative contribution
individuals make to the pollen pool. Plants with large
numbers of inflorescences flowered over a longer period
than those with few, and often more than one inflorescence
was in flower at a time. Two other related factors are the
size of inflorescences (which is positively correlated with
flower numbers), and the rates at which flowers open. Both
the above were found to vary amongst individuals.
Inflorescences which open their flowers at a greater rate,
or have fewer flowers, are likely to contribute as pollen
donors for a shorter period, although this will also depend
on the number of inflorescences on a plant. Furthermore,
rates of daytime flower opening were considerably increased
later in the season, possibly as a result of increased
temperatures (see McFarland 1985). Individuals exhibiting
greater floral displays (through a combination of
inflorescence size and numbers, and rates of flower
opening) might therefore be expected to make a relatively
greater contribution to the pollen pool, thereby increasing
increasing the likelihood of non-random mating.

From the above discussion, it is evident that many factors
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interact to cause the

observed patterns of fruit

set in a

plant population. It is also apparent that a clear
understanding of these factors requires a multi-faceted
approach (Ayre & Whelan 1989), particularly when one
considers the amount of variability inherent in the system.
A better understanding of these factors will only be
achieved through more rigorous experimentation, and by
closer examination of the breeding system, and
investigation of pollen flow. The following chapters aim to
examine some of these aspects of the population of B.
spinulosa, by investigating pollinator behaviour in
relation to the changing distribution of flowers through a
flowering season, and also by investigating patterns of
mating in the population.
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Chapter 3.

The Effectivness and Foraging Behaviour of Pollinators

3.1. Introduction
In any assessment of patterns of mating in plants, it is
important to consider the vector(s) which disperse pollen
and carry out the pollination of flowers. For many species,
this function is carried out by animals which visit flowers
to feed on nectar and/or pollen. Since the behaviour of
pollinators dictates the amount, direction, distance,
quantity, and to some extent the carryover of pollen to
other plants, pollinators determine patterns of pollen flow
in populations. Their foraging behaviour may thus bear a
direct relationship to both the reproductive success of
plants and the quality of the ensuing progeny (i.e. via
gene exchange). However, this influence will vary from
species to species, and may be less in those plants which
are able to control which pollinations become fertilized or
to abort potential progeny. Moreover, the movements of
foraging animals within and between plants will be
influenced by the spatial patterning of food resources
(e.g. Schmitt 1983, Melampy 1987, Murawski 1987), and may
also vary as a function of the pollinator species (Schmitt
1980, but see Waser 1982). As a consequence, there is
likely to be variability in patterns of pollen dispersal
both within and between pollinating species, as well as
through a flowering season (as the abundance and
distribution of food changes).

Although some plants have apparently evolved specific
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adaptations for particular pollinators (see Willson 1983),
most are visited by more than one animal species, and many
by a variety of quite different species (Faegri & van der
Pijl 1979). In such systems, it is likely that not all
flower visitors will be equally effective at pollinating
(e.g. Schemske & Horvitz 1984, Ramsey 1988). For instance,
some may remove pollen and/or nectar without effecting
pollination. This in turn might also influence patterns of
subsequent visits by legitimate pollinators, through the
depletion of food resources (see Taylor & Whelan 1988).
Alternatively, some flower visitors may be able to transfer
copious amounts of pollen to flowers, but as a result of
their foraging behaviour, may deposit the wrong sorts of
pollen. This could lead to a reduction in reproductive
success (due to the clogging of stigmas with incompatible
pollen from the same or other species), or a reduction in
fitness of any resulting progeny (e.g. through the transfer
of 'low quality' pollen). It is therefore important to
establish the relative effectiveness of various pollinators
(Primack & Silander 1980, Spears 1983). This will depend on
such factors as their regularity, and the number, timing
and duration of visits by particular animals, as well as
their ability to pick up and deposit viable pollen on
receptive stigmas.

There has been widespread speculation in recent years as to
the importance of different animal visitors in the
pollination of plants from the family Proteaceae (e.g.
Carpenter 1978, Paton & Turner 1985, Ramsey 1988). For
example, it has been postulated that, in this family,
certain floral characteristics (such as style morphology)
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favour particular pollinator types over others (Carpenter
1978, Wiens & Rourke 1978, Wiens et al. 1983). However,
this issue still remains unresolved. Members of the genus
Banksia are visited by an array of animals, including
birds, mammals and insects. Because of their diversity in
both size and behaviour, these flower visitors have the
capacity to effect quite different types of pollination.
The importance of mammal pollination in particular, has
aroused considerable attention (Hopper & Burbidge 1982,
Wooller et al. 1983, Turner 1982, Goldingay et al. 1987).
Their role as pollinators, however, has remained largely
speculative, as there has been little conclusive evidence
to date that indicates they are effective at pollinating
(but see Goldingay et al. 1991). The greatest problem
presented in studying such pollinators comes from their
nocturnal and cryptic habits. Coupled with their small
size, this has made direct observation of their behaviour
extremely difficult. The most commonly used method of
assessing mammal pollination has been to estimate pollen
loads carried by captured mammals, and compare them to
those carried by bird visitors. However, this may
underestimate the amount of pollen actually carried by
mammals (Goldingay et al. 1987, Goldingay et al. 1991), and
the technique reveals nothing of their foraging behaviour,
nor their ability to effect pollination.

This chapter investigates the animals which regularly feed
on flowers of Banksia spinulosa at Barren Grounds, and
attempts to ascertain which are more effective pollinators.
Because of the paucity of information on the role of
mammals in pollinating and the need for more effective
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methods for assessing their contribution, the role of these
animals is emphasized. Their foraging behaviour is
investigated in regard to their influence on pollen flow,
reproductive success and potential gene exchange, using two
previously unused techniques to facilitate the assessment
of visitation and behaviour.

3.2. Methods
3.2.1. Flower Visitors
Automated photography (described in detail in Appendix 3.1)
was used to investigate those animals which foraged at B.
spinulosa inflorescences in the population. This technique
enabled the determination of the regularity of visits by
animals and assessment of their behaviour whilst foraging
at individual inflorescences. During the flowering season
in 1986, two cameras were used to provide simultaneous
monitoring of inflorescences selected at random from
different areas within the study site. For each
inflorescence monitored, infra-red trips were positioned at
inflorescences prior to the commencement of flowering, and
left there until the inflorescence finished flowering. The
system was checked daily, with film and batteries being
replaced when necessary. An attempt was made to provide
constant monitoring. However some technical problems (such
as battery failure) and weather conditions (e.g. high
humidity) made this difficult at times. Patterns of
visitation were recorded on a total of six inflorescences.
This gave approximately 782 hours of monitoring, of which
376 hours were during the day, and 406 hours at night. The
number of nocturnal and diurnal hours monitored were
calculated from times of sunrise and sunset for each day,
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which were obtained from the Bureau of Meteorology.

Photographic records obtained using the above technique
provided estimates of the numbers of visits received by
inflorescences, the species which visited and their
regularity. In addition, it enabled comparisons of the
periods of activity from particular species. For each visit
photographed, it was possible to examine the feeding
behaviour of animals, to gain an indication of their likely
role as pollinators (i.e. whether or not they were likely
to contact pollen presenters) and obtain estimates of how
long they remained at inflorescences. Differences among
species in the time spent foraging at an inflorescence was
tested using Kruskal Wallis analysis of variance. A
nonparametric multiple comparisons test was used to
determine which species differed significantly (Zar 1984).

3.2.2 Pollen Loads
Pollen loads carried by the different flower visitors were
estimated as an index of their ability to collect and
transfer pollen. Pollen samples were taken from birds,
mammals and insects on several occasions during the 1988
flowering season. Since estimates of the amount of pollen
carried by mammals had been investigated previously by
myself and others (Goldingay et al. 1987, Goldingay et al.
1991), only a few estimates of pollen loads carried by
mammals will be presented here. Birds were captured using
mist nets, positioned close to flowering plants in the
woodland area. This was done on four occasions, between
July and September. Pollen was sampled from the head and
bill of each captured bird using either sticky-tape applied

73
to the feathers (see Goldingay et al. 1987), or by rubbing
these areas with small gelatine cubes impregnated with
basic fuchsin (Wooller et al. 1983). The blocks were placed
onto microscope slides, with cover slips on top, and were
heated gently until the gel melted. For both techniques,
all pollen grains on each slide were counted
microscopically using lOOx magnification.

During August and September 1988, moths were captured in
the woodland area by attracting them to a portable
fluorescent (Black Light) tube, operated with a 12V
motorcycle battery. This was positioned against a white
sheet which was hung from wooden stakes (about 1.8 metres
high). On each occasion, the apparatus was placed amongst a
group of flowering B. spinulosa plants, in an attempt to
capture nectar-feeding species. Collections were initiated
several hours after dusk, and continued for more than two
hours. Moths were collected as they landed on the sheet,
and quickly placed into a killing jar containing ethyl
acetate. Each moth was then sampled for pollen, by rubbing
separate impregnated gelatine cubes (as above) on the head,
back, and underside of the body. Flowering plants were also
examined at periodic intervals during these sessions, in an
attempt to capture moths feeding on nectar. During the day,
honey bees (Apis mellifera) and individuals of an
unidentified native bee species were captured whilst
feeding at inflorescences. These animals were also placed
into killing jars, and were sampled for pollen as above.
Kruskal Wallis analysis of variance was conducted on those
samples collected with gelatine blocks, to detect any
significant differences among species in pollen loads.
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3.2.3. Pollinator Effectiveness
To compare the relative efficiencies of nocturnal and
diurnal pollinators, flower visitors were divided into
either nocturnal or diurnal groups. Although this did not
allow any differentiation between birds and bees, or
between moths and the different mammal species, it was
considered to be more effective than attempting to assess
each species separately. Selective exclusion of each
potential pollinator type would have required more
manipulative treatments at one time than was possible for
one person, and even so, it would not have been possible to
differentiate between the various species of each animal
type. Two different measures were used to investigate the
effectiveness of nocturnal versus diurnal pollinators
during 1988. The first assessed the ability of nocturnal
and diurnal visitors to remove pollen from flowers. This
was done by comparing the relative amounts of pollen
removed from newly opened flowers by each visitor group.
Pollen removal was assessed during three periods of 3-4
days during the flowering season of 1988, in conjunction
with estimates of flower opening rates (see Chapter 2). For
each period, 12 to 14 half-open inflorescences from
different plants were initially selected and tagged. All
open flowers on each inflorescence were initially clipped
during mid-afternoon, and inflorescences were then bagged
with fine fibreglass mesh (see Chapter 2). Bags were
removed from inflorescences at either dawn or dusk, and the
numbers of flowers open on each at this time were counted.
At the end of each sampling period (i.e. after a single day
or night), the total number of open flowers was counted,
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and the proportion with pollen removed was estimated.
Flowers were scored according to whether they had at least
half their pollen bundle removed, fully removed, or none
removed. All open flowers were then clipped, and bags were
replaced until the following dusk or dawn. Because
inflorescences were kept bagged between sampling, it was
also possible to assess whether any pollen was removed
inadvertently, from either the manipulation of
inflorescences, or through the activity of animals which
might have gained access to the bags. Comparisons of
nocturnal and diurnal pollen removal were analysed using
chi-square tests, with separate analyses for each 24 hour
period.

In a second experiment, I compared the ability of
nocturnal and diurnal flower visitors to pollinate flowers,
using the presence of pollen tubes as an indicator of
successful pollination. Again, this was done on three
occasions through the flowering season, using a different
sample of plants on each occasion. For each sampling
period, between 18 and 20 partly-open inflorescences, each
on a different plant, were selected and assigned to either
nocturnal or diurnal visitation. Any open flowers were
first clipped, and inflorescences were bagged (as above)
for several days, to ensure that new flowers opening were
not visited. Two days prior to the commencement of each
experiment, pollen was removed from all newly opened
flowers by wiping the pollen presenters by hand and using
water to remove any remaining grains. Inflorescences were
then left open to pollinator visitation on one occasion,
either overnight (i.e. bags removed at dusk and replaced at
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dawn) or during one day (exposed at dawn, and replaced at
dusk). Inflorescences were then rebagged, and left
unmanipulated for several days. Samples of between 10 and
20 flowers were then collected from each inflorescence, by
removing pairs of flowers from most parts of the
inflorescence. Styles were examined for pollen tube growth
using the same methods as in Chapter 2. Chi-square tests
were conducted to test for differences in the proportion of
flowers containing pollen tubes for each treatment.
Differences among treatments were tested using Mann-Whitney
U-tests. To investigate whether the removal of pollen
itself somehow facilitated pollination, a further group of
seven inflorescences were manipulated in a similar manner
to the above. Partly-open inflorescences were first clipped
of all existing flowers, and then left bagged for several
days. Those flowers which had opened during that period
were cleaned of pollen (as above), and were then left
bagged for a further week. After this time, samples of
flowers were collected as above, and examined for pollen
tube growth.

3.2.4. Foraging Behaviour
'Spool-and-line' tracking (Miles et al. 1981, Anderson et
al. 1988) was used to determine the movements of mammalian
flower visitors within and among B. spinulosa plants and
thus investigate the patterns of pollen flow likely to be
generated by their foraging behaviour. This was
investigated for each tracked animal by recording;
i) the number and species of plants visited,
ii) the number of inflorescences visited and not visited
per plant,
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iii) the degree of flower opening for each inflorescence on
those plants visited, and
iv) distances moved between each plant visited.

The technique of 'spool-and-line' tracking uses spools of
finely woven thread, which are attached to the backs of
animals, with the free end tied to a stationary point. The
thread spools out as an animal moves along, leaving a
readily distinguishable trail which can be plotted some
time later. Spools of Nylon quilting thread were obtained
from Penguin Threads Pty Ltd (25-27 Izett St, Prahran,
Victoria 3181; Nylon quilting thread bobbin 70/2, No. 10
(265m) and No. 7 (165m), at approximately A$44 per
kilogram). This technique was considered to have several
advantages over more commonly used tracking methods (such
as radio-tracking), particularly for small ground-dwelling
mammals which are difficult to locate accurately. The
technique allowed the precise foraging path of an animal to
be followed and plotted, facilitating estimation of the
proportion of intra- versus inter-plant visits by animals.
Furthermore, the activity of several animals were able to
be monitored concurrently, and foraging paths could be
followed some time later to ensure that animals were not
disturbed by the presence of observers.

Animals were captured in traps placed in the canopies of
flowering B. spinulosa plants (see Goldingay et al. 1987
for a more detailed description of trapping methods). On
each night of trapping, between 10 and 30 traps scattered
throughout the woodland area were baited with creamed honey
and opened. Traps were checked during the evening and in
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the morning, and all animals captured were individually
marked, by either toe clipping or using ear tags. Spools
were wrapped in electrical tape to avoid unravelling, and
were attached to the fur on the backs of animals using a
small quantity of quick drying Selleys 'Supa Glue' (Fig.
3.1). Two different sized threads were used; 165m for the
smaller mammals, Antechinus stuartii (20-55g) and
Cercartetus nanus (19-27g), and 265m for the larger gliding
marsupial, Petaurus breviceps (90-145g). These devices
weighed 2.9g and 4.9g respectively. Animals were released
immediately after attachment of spools, either at the site
of capture, or at known den hollows. The free end of the
thread was tied to vegetation at the release point. The
spools used in this study unravel from the inside, so that
as an animal moves through the vegetation, the spool
unwinds, catching onto vegetation and other obstacles
without impeding the forward movement of animals.

Spool threads were followed 24 hours or more after
attachment and the movements of animals were plotted in
relation to tagged and mapped B. spinulosa plants and other
natural features (such as trees and den hollows). For each
tracking device followed, I recorded the number and species
of plants visited, the number of inflorescences visited and
not visited per plant, the degree of flower opening for
each inflorescence on those plants visited (see Chapter 2),
and distances moved between each plant visited. The number
of open inflorescences on plants nearby those visited was
also noted. Visits to other flowering plant species were
documented, to investigate the potential for any interspecific pollen receipt. To facilitate data collection and
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Fig. 3.1. Spool-and-line tracking device attached to the
back of Cercartetus nanus.
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avoid confusion when several animals were spooled at one
time, threads were retrieved as the foraging path was
followed. Tracking was conducted during three flowering
seasons (1986, 1987 and 1988). In 1986 and 1987, animal
movements were monitored at various times throughout the
season (although in 1987 relatively few individuals were
successfully spooled). In 1988, intensive trapping and
tracking was conducted over three two-week periods,
corresponding to the early, middle, and late parts of the
flowering season. This was done to determine whether
movements of animals appeared to be related to the changing
distribution and density of flowers through a season (see
Chapter 2). Descriptions of the statistical analyses
performed can be found in Appendix 3.2.

3.3. Results
3.3.1. Flower Visitors
Three species of mammals were regularly recorded visiting
B. spinulosa inflorescences during 1986 (Table 3.1). These
were the sugar glider (Petaurus breviceps), the eastern
pygmy possum (Cercartetus nanus) and the brown antechinus
(Antechinus stuartii; Fig. 3.2). Three bird species were
recorded, but only one of these, the eastern spinebill
(Acanthorhynchus tenuirostris), was a frequent visitor
(Fig. 3.2). The eastern rosella (Platycercus elegans) fed
destructively on flowers, while the brown thornbill
(Acanthiza pusilla) was only recorded on one occasion.
Regular insect visitors recorded included the honey bee
(Apis mellifera) and several unidentified moth species
(Fig. 3.2).
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Table 3.1. Number of visits by animals to each of six
inflorescences, recorded using automated photography during
the flowering season in 1986. Visits are divided into those
before and those after midnight and midday (i.e. bm and
am). Hrs. Mon. is the number of hours monitored. Pb
Petaurus breviceps; As
- Antechinus stuartii; Cn
Cercartetus nanus; M - Moth sp; At - Acanthorhynchus
tenuirostris; Am - Apis mellifera; Ap - Acanthiza pusilla.

Nocturnal
Species
Pb Cn As

Hrs.
Mon.

M

Diurnal
Species
At Ap Am

Hrs.
Mon.

Me;an time
b<=tween
visits

1. 3/7-18/7
bm

11

3

13

60h 56m

2

am

2

3

6

45h 24m

1

1

27h 59m
4

47h 07m

4h

2. 21/7-31/7
2

bm

12
8

2

am

37h 50m
32h 04m

5

17h 28m

2

31h 10m

4h

3. 21/7-28/7
bm

27h 25m

4

15h 00m

am

14h 20m

3

20h 20m

llh

4. 28/8-23/9
bm

5

am

5

1

54h 28m

15

14

52h 56m

54h 08m

20

4

54h 55m

3h 23m

5. 27/8-11/9
bm

6

2

36h 59m

1

3

28h 31m

am

4

2

23h 44m

14

5

47h 18m

bm

2

llh 40m

5

1

lOh 31m

am

5

7h 30m

11

31

406h 28m

85

3h 42m

6. 13/10-17/10

T

17

19

26

22h 44m

1

29 376h 14m

2h 11m

MmCSM

• 3.2. Animals photographed

visiting Banksia spinulosa.

Petaurus breviceps, b) Antechinus stuartii,
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c) Cercartetus nanus, d) Acanthorhynchus tenuirostris,
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e) unidentified moth species, and f) Apis mellifera.
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During the study,

six inflorescences (each

on a different

plant) were monitored for a total of 782h 42m, with 376h
14m during daylight hours and 406h 28m during the night.
The number of hours monitored for each inflorescence
varied, both in terms of nocturnal versus diurnal hours, as
well as total hours (see Table 3.1). These differences
reflected variability in flower opening rates among
inflorescences (e.g. Inflorescence 4 and Inflorescence 5;
Table 3.1), the occasional destruction of inflorescences by
P. elegans (e.g. Inflorescence 1; Table 3.1), and some
problems encountered with constant monitoring. When either
battery failure or the weather conditions prevented
continuous monitoring, the number of hours monitored was
calculated from commencement time until when the last
photograph was taken. This may have underestimated actual
monitoring times slightly, as it could not take into
account time elapsed after the last photograph.

In spite of the problems mentioned above, it was possible
to investigate and compare patterns of visitation to
inflorescences. All six inflorescences were visited
regularly through their flowering life, with each one
receiving visits at least each 24 hours. The mean time
between visits for each inflorescence varied considerably,
ranging from 2 hours to 11 hours (Table 3.1). One exception
to the relatively frequent visitation was observed when
there were few newly-opened flowers available (i.e. at the
commencement or completion of flowering). At these times
visits by animals were uncommon, presumably reflecting the
amount of nectar available to animals. On some occasions,
individual birds and mammals were, however, recorded
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visiting inflorescences prior to the commencement of
flowering. This behaviour may have been a means whereby
animals checked inflorescences, to determine whether or not
nectar was being secreted (see also Section 3.3.4).
Overall, mammalian visitors accounted for 62 visits to
inflorescences, and A. tenuirostris a total of 85. Rates of
visitation were approximately evenly distributed during the
night and day (Table 3.1). All inflorescences were visited
more than once by A. tenuirostris, while mammal visitation
was more patchy (but see also Section 3.3.4), with each
species recorded on only a couple of inflorescences.

Photographic records enabled comparisons of feeding
behaviour by animals, and indicated the likelihood of the
removal or deposition of pollen. Bird visitors generally
perched on branches adjacent to the inflorescences, or
perched on unopened florets, probing with their bills into
the base of open flowers to obtain nectar. Occasionally
individuals perched on the top of an inflorescence and
probed downwards, but in most cases, they foraged from the
side (Fig. 3.2). Individuals usually remained in the same
position during a foraging bout, probing within a
relatively small area close to the band of newly opened
flowers. In many instances they did not appear to contact
any open flowers. Mammalian visitors showed quite different
behaviour; they tended to cling to the flowers, often with
much of their body covering the flowers (both open and
unopened; Fig 3.2). Because the snout of mammals is wider
than that of A. tenuirostris, they often became covered in
pollen as they foraged between the florets (as was evident
from some colour photographs obtained), and were likely to
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contact more flowers at a time. At no time did they feed
destructively on flowers, although on occasions P.
breviceps appeared to lick pollen from the flowers.
Mammalian visitors did not confine their foraging to the
band of newly opened flowers, but often moved all over an
inflorescence.

Multiple photographs of visits enabled an estimate of the
duration of visits. Individual P. breviceps remained at an
inflorescence for up to six minutes, and on average foraged
for nearly one and a half minutes at each visit (Table
3.2). All other visitors foraged on an inflorescence for
less than a minute on average, although some remained for
up to three minutes at times. Kruskal Wallis analysis of
variance gave a highly statistically significant difference
between species in foraging duration (H = 23.69, P <
0.005). Subsequent non-parametric multiple comparisons
indicated that duration of visits for A. mellifera, C.
nanus and moths were different from that of A. tenuirostris
and P. breviceps, but the duration of A. stuartii visits
was not different from either group (Table 3.2). The
duration of bee visits may have been slightly
underestimated, since bees often forage at the base of
florets and would therefore not break the beam
continuously.

Comparisons of the timing of visits for nocturnal and
diurnal periods, with each species separated, are shown in
Fig. 3.3. A. tenuirostris individuals were recorded
foraging throughout the day, commencing as early as 5am on
several occasions, and showing a peak in activity during

88

Table

3.2.

Duration

inflorescences
recorded with

by

of

each

the use

of

of

values, given in minutes
the sample size
variance

gave

0.005). B.
differences

visits
six

to

potential

Results
in

visit

pollinators

and seconds + s.e.,

with n being
result

multiple comparisons
duration

A. Mean

Wallis analysis of

statistically significant
of

spinulosa

automated photography.

for each taxa. Kruskal
a

B.

between

(P

to test

the

six

<
for

taxa

recorded. The lines join species that were not judged to be
significantly heterogeneous at the 0.05% level (Zar 1984).
A.
Duration of visit
Species

Minutes

Seconds

n

Range
(min)

P. breviceps

1.40+0.29

84+17.4

19

0-6

C. nanus

0.75+0.11

45+6.6

26

0-3

A. stuartii

0.79 + 0.10

47 +

6.0

21

0-2

Moth sp.

0.75 + 0.09

45 +

5.4

28

0-2

A. tenuirostris

0.87 + 0.07

52 +

4.2

83

0-3

A. mellifera

0.59 + 0.06

35 +

3.6

29

0-2

111.47

146.97

B.
Am Cn M As At Pb
Mean rank

77.78

95.04

97.18

102.21

89
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Fig. 3.3. Frequency histograms of

24

1

the timing of a) diurnal

and b) nocturnal visits to Banksia spinulosa inflorescences
for each species recorded using automated photography. For
a), black bars are A. tenuirostris, grey bars are A.
mellifera. For b), black bars are P. breviceps, grey bars
are A. stuartii, white bars are C. nanus and hatched bars
are moths.
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the late afternoon. In contrast, visits by A. mellifera
were concentrated around the middle of the day, with few or
no visits in the early morning and late afternoon.
Nocturnal animals appeared to forage throughout most of the
night, often appearing just after sunset, and not
terminating their foraging until light. On some occasions,
both nocturnal mammals and birds were observed within a
short space of time. Although some apparent lulls and highs
in activity were observed in nocturnal foraging (e.g. a
general lull in activity around midnight), smaller sample
sizes for nocturnal species meant that trends were harder
to distinguish. In general, moths commenced visiting at an
earlier hour than the nocturnal mammals, and ceased their
foraging earlier. Both C. nanus and A. stuartii appeared to
forage relatively consistently throughout the night,
although activity was greater around midnight for C. nanus.
P. breviceps showed greater activity during the early and
later parts of the evening. There was considerable overlap
between species visiting an inflorescence. Visits by
different individuals and different species on the same
inflorescence often occurred within a short time of one
another, although at no time did two species (or even two
individuals) forage at the same time on an inflorescence.
No aggressive encounters between individuals were ever
recorded or observed. However those inflorescences on which
A. stuartii were recorded foraging were never visited by C.
nanus or P. breviceps, even though they were sometimes
captured at the same plants (Section 3.3.4).

3.3.2. Pollen Loads
All individual birds, mammals, honeybees and native bees

91
sampled carried some Banksia pollen, although the absolute
numbers of grains varied considerably among species and
individuals. Samples taken from the four species sampled
with gelatine cubes showed significant variation in the
number of grains carried by each species (Kruskal Wallis
test H = 42.515; P < 0.0001, Table 3.3). Non-parametric
multiple comparisons indicated that pollen loads were
similar for birds, and native and feral bees, while moths
carried significantly fewer grains (Table 3.3). Moths
appeared to transport very little pollen; they usually
carried fewer than ten pollen grains each, and ten out of
the 29 individuals sampled had no grains adhering to their
scales. No statistical analysis was conducted to compare
different species sampled using the sticky tape technique,
since captured A. stuartii had been left in traps
overnight, giving them ample opportunity to groom pollen
grains from their fur (see Goldingay et al. 1987), and only
one sample was obtained for two of the species (Table 3.3).
However, comparison of results obtained for A. tenuirostris
using the two techniques yielded essentially the same
results, indicating that the two methods of estimating
pollen loads were comparable (Table 3.3). Sampling for
pollen also indicated that several bird species other than
A. tenuirostris visited B. spinulosa. Those captured
carried considerable amounts of pollen, even though only
one or two individuals of these species were sampled, and
they were not commonly observed in the study area.

Almost all pollen grains carried by animals could be
identified as belonging to species of Banksia, and in most
cases this was thought to be from B. spinulosa (based on
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Table 3.3.

Comparisons

of

amounts of

pollen carried

different flower visitors. A. Pollen loads
animals captured using two sampling methods;

by

carried by
I. gelatine

blocks, II. sticky tape. Values are means +_ standard
errors, with n being

the sample size for

Results of

comparisons to

multiple

each species. B.

test for

differences

between four species sampled using gelatine blocks. Kruskal
Wallis analysis of
significant results

these samples gave a statistically
(P < 0.0001). The lines join values

that are not significantly
(Zar 1984) .

different

at the

0.05% level

A.
Species

No. pollen grains
counted + s.e.

n

I. Gelatine technique
Acanthorhynchus tenuirostris
Acanthiza lineata
Acanthiza pusilla
Apis mellifera
Native bee sp.
Moth sp.

196
6
25
143
108
6

67 + 46.98
87
38
14

25.49
24.77
1.24

6
1
1
14
8
29

II. Sticky-tape technique
Antechinus stuartii*
Acanthorhynchus tenuirostris
Meliphaga chrysops
Acanthiza pusilla

70.50 + 32.94
207.30 + 105.93
501
269

4
3
1
1

* sampled after animals had been left in traps overnight.
B.

Mean rank

Moth

Bee

15.069

41

tenuirostris
42.786

A. mellifera
48.167
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the size of grains).

However, two individual moths carried

pollen from other species (Family Myrtaceae), an individual
A. tenuirostris carried some grains of an unidentified
plant species in addition to B. spinulosa, and an
individual A. pusilla carried what appeared to be B.
paludosa grains, as well as B. spinulosa.

3.3.3. Pollinator effectiveness
The amount of pollen removed from flowers during each
sampling period varied considerably, with at least half of
the total pollen bundle being removed from between 20% and
70% of flowers available (Table 3.4). Pollen removal showed
variability both among inflorescences and over different
nights or days for each inflorescence. However, no
inflorescence had pollen removed from all of the flowers
which had opened during one sampling period. The foraging
behaviour of diurnal animals was such that individual
flowers were more likely to lose only part of their pollen
bundle, and on no occasion did the proportion of flowers
with the pollen bundle fully removed exceed that with only
part of the bundle removed. For nocturnal samples, a larger
percentage of flowers had lost the entire pollen bundle on
half of the sampling periods (Table 3.4). Significant
differences in the amount of pollen removed during the day
and at night were evident in most cases, and in five out of
the nine statistically significant cases, more pollen was
removed at night. Few flowers were depleted of pollen when
inflorescences remained bagged, although the proportion
increased during the last sampling period (Table 3.5).
During the day, an average of 1.02% flowers had pollen
removed inadvertently, while at night this value was 4.08%.
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Table 3.4. Comparisons of the amount of pollen removed from
newly opened flowers during

diurnal and nocturnal periods,

conducted on three occasions during the flowering season in
1988. Values given

for each period as;

all pollen removed

(all), at least half, but not all the pollen bundle removed
(some), and the sum of pollen removed (total).

Date

Percentage of flowers with pollen removed
Diurnal

Nocturnal

X2

P

Some

All

Total

Some

All

Total

8/7/88

19.7

12.0

31.7

12.3

35.8

48.1

52.71 <0.001

9/7/88

22.0

5.9

27.9

6.3

31.5

37.7

84.76 <0.001

10/7/88

25.7

6.1

31.8

8.4

28.8

37.2

89.43 <0.001

11.13 <0.005

1.

n =

6

6

2.
12/7/88

21.4

1.6. 22.9

13.5

5.0

18.5

13/7/88

27.6

8.5

36.1

31.9

35.2

67.1

14/7/88

26.4

5.0

31.4

27.9

8.5

36.4

15/7/88

38.1

12.4

50.5

21.2

9.3

30.5

28.7 <0.001

n =

6

106.8 <0.001
3.99 <0.25

6

3.
27/8/88

28.6

15.7

44.3

18.8

10.8

29.6

14.43 <0.001

28/8/88

11.1

11.1

22.2

26.0

41.1

67.1

91.94 <0.001

29/8/88

40.1

15.9

56.8

28.5

22.4

50.9

6.25 <0.05

n =
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Table 3.5. The percentage of flowers which had pollen
removed from them while bagged at night and during the day.
Total numbers of open flowers in brackets.

Period

Diurnal

Nocturnal

8/7 - 10/7/88 6.76% (444) 0.95% (633)
11/7 - 15/7/88

1.02% (788)

4.08% (808)

27/7 - 29/8/88

19.20% (608)

12.90% (186)
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In almost all cases, no pollen remained on these flowers,
indicating that this was not caused by manipulation of
bags, but may have been due to the activity of small
insects which gained access to the bags (see Ramsey 1988).

Pollen tube growth was observed in inflorescences left open
to pollination during the day and overnight, indicating
that both groups of pollinators were capable of effecting
pollination. Approximately 25% of all inflorescences
sampled showed no evidence of pollen tube growth. However,
flowers had been left exposed to pollinators only once, and
may not have been visited at this time. On two occasions,
flowers from diurnal samples contained pollen grains from a
different plant species. These were observed in two
different inflorescences, sampled during the two latter
periods. In both instances, the pollen was thought to be
from Eucalyptus sieberi, (identified from the shape and
size, and because it was known to be in flower at that
time). On both occasions several of the Eucalyptus pollen
grains had germinated, although they had not grown down
into the style. On average, pollen tubes were observed in
23% of the flowers sampled from nocturnal and diurnal
treatments. The total percentage of flowers containing
pollen tubes at each sampling date varied from between 3%
to 40%, and on each occasion, the results indicated
different levels of pollination among treatments (Table
3.6). On two occasions, significant differences were
detected between levels of pollination for nocturnal and
diurnal samples. In the first instance, nocturnal samples
had a greater proportion of flowers which were successfully
pollinated, while in the following period, diurnal samples
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Table 3.6. Comparisons of
(measured

by

pollen

nocturnal

periods,

tube
with

the number of flowers pollinated
growth)
sampling

during

diurnal

conducted

on

and
three

occasions during the flowering season in 1988. Analysis was
done using chi-square tests. Total numbers
each sample are in brackets.

Date
(n)

Percentage of flowers containing pollen tubes
Diurnal

28/7/88

of flowers for

3.3%

Nocturnal

X2

P

(92)

24.5% (106)

22.4

<0.001

16/8/88

33.9% (212)

10.2% (207)

34.3

<0.001

1/9/88

39.5%

30.4%

1.5

<0.25

(81)

(79)
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showed greater levels of successful pollination. On the
last sampling date, the proportions of pollinated flowers
were approximately equal for both groups. The numbers of
pollen tubes contained within each pollinated flower ranged
from one to ten. Although nocturnal samples did tend to
contain a greater number of pollen tubes per flower than
diurnal samples (Fig. 3.4), no significant differences were
detected between the two groups at any time (Mann-Whitney
U-test; A. P < 0.2, B. P < 0.5, C. P > 0.5).

As in the open-pollinated flowers (Chapter 2), some fungal
growth was evident in flowers sampled from nocturnal and
diurnal groups. However this was not commonly observed
(found in only some of the later flowering samples),
possibly because of the short period of time flowers were
left open to pollination. Inflorescences which had their
pollen removed and were then left bagged also showed
evidence of pollen tube growth, and the number of flowers
containing pollen tubes was surprisingly high. From each
sample, between zero and five flowers contained pollen
tubes, with on average 17% of flowers containing some
pollen tubes (ranging from zero to 33%). Although many of
the flowers contained only a single pollen tube, the number
of pollen tubes observed per flower ranged from one to five
(mean = 1.90 + 0.28).

3.3.4. Small Mammal Trapping
During this study, four species of mammals were captured,
and trapping success overall was very high (42%). The
species captured were; Antechinus stuartii, Cercartetus
nanus, Petaurus breviceps and Rattus fuscipes (Table 3.7,
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Table 3.7.
early-,

Number

mid-

of

and

small mammals

late-flowering periods

nights were calculated from
by the

number

percentage

of

of

animals captured

Trap nights

Trap

per

1988.

yielding

success is

trap-night.

in a night were

first occasion, and traps
were only counted once.

of

the
Trap

the number of traps multiplied

nights trapping.

caught more than once

Period

captured during

the

Animals

only counted on the
more than

No. captured (sp)

one animal

Trap success

Early 243 86 (3Cn, 27As, 34Pb, 22Rf) 35
Mid

198

69 (20As, 32Pb, 17Rf)

35

Late

158

70 (53As, 9Pb, 8Rf)

44

Total

599

225 (3Cn, lOOAs, 75Pb, 47Rf)

38

(%)
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Goldingay et al. 1987). Trapping data obtained during 1986
are given in Goldingay et al. 1987, and trapping was
conducted only sporadically during 1987. Consequently, only
the results for 1988 are presented here. During a total of
599 trap nights in 1988, 225 animals of four species were
captured. Although the density of animals was not
calculated due to the uneven distribution of trapping
locations (i.e. traps were placed in flowering plants,
rather than the more typical method of grid-trapping), trap
success was high in 1988 (average 38%). Moreover,
calculations of trap success allowed for clearing traps
during the night and in the morning, and was an
underestimation of the actual number of animals caught.
Only the first capture for each trap was included, and
individuals caught more than once in a 24 hour period were
recorded only once.

For both A. stuartii and P. breviceps, capture rates were
significantly heterogeneous during the season (Table 3.8).
A. stuartii was captured more frequently during the lateflowering period, while P. breviceps was captured less
frequently at this time. In the latter part of the season,
only three different individual P. breviceps were captured,
compared to a total of 24 individuals for the whole year.
In contrast, more individual A. stuartii were captured
during the latter part of the season than at any other time
(19 out of a total 29), and the majority of these were
males (14). C. nanus and R. fuscipes were not included in
these analyses since C. nanus was captured on only a few
occasions, and on the basis of photograhpic data, R.
fuscipes could not be considered a regular visitor to B.
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Table 3.8. Chi-square
P. breviceps at
season of 1988.

Period

test of captures of

different times

Trap-nights

through

A. stuartii

A. stuartii and
the

flowering

P. breviceps

Obs. Exp. Obs. Exp.
Early
Mid

243
198

27
20

40.6
33.1

34

30.4

32

24.8

Late

158

53

26.4

9

19.8

Total

599

100

100

X = 43 .8 , df = 2
P <0 .001

75

75

X = 9..6,, df = 2
P <0.01
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spinulosa (see Section 3.3.1).

3.3.5. Foraging Behaviour
Initial trials were conducted to assess the technique of
spool-and-line tracking and its effect on the behaviour of
animals. Observations on spooled animals indicated that
their behaviour remained relatively normal. For example, A.
stuartii travelled along well-defined tunnels in the
undergrowth, and individuals sometimes followed similar
routes when tracked more than once. The behaviour of P.
breviceps was similar to that of individuals observed
without spool devices, and the gliding ability of these
animals did not appear to be impeded by the device or
trailing thread. Although animals were normally released at
the site of capture, it was found that animals released in
the morning usually wasted large amounts of thread when
returning to den hollows or daytime nests. The efficiency
of spooling was therefore increased when animals were
either caught and released during the evening (at which
time they usually resumed foraging almost immediately), or
when animals were released at known den hollows. Evidence
of visitation to inflorescences was easily established, as
the thread usually clung to the inflorescence. Animals
often appeared to forage over an entire inflorescence (see
also Section 3.3.1), leaving the thread entangled in the
flowers (Fig. 3.5).

Petaurus breviceps generally moved around the woodland area
by gliding between Eucalyptus trees and saplings, coming
down to feed at flowering plants, or gliding directly onto
plants. When plants relatively close together were visited,
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Fig. 3.5. Banksia spinulosa inflorescence showing a spool
thread entangled in the flowers.
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animals often moved through

the understorey vegetation, or

less often along the ground. A. stuartii tended to follow
small, well-defined tunnels in the undergrowth, seldom
venturing out into open ground (except where there was
little or no undergrowth). These tunnels were used by more
than one individual, and sometimes two or three threads
(from different individuals) could be found in a tunnel at
the same time. In contrast, C. nanus tended to move through
the vegetation, usually about one metre above the ground.
Both species approached flowering inflorescences by
climbing up the stem. A. stuartii and C. nanus always
utilized hollow logs as daytime shelters or nests. C. nanus
was usually found denning above the ground (in stumps, or
higher up, in trees), while A. stuartii was found both at
ground level (in fallen logs or overturned trees) and above
the ground. Spool threads indicated that animals of both
species occasionally sheltered in hollows during a foraging
bout, later coming out again to forage at inflorescences.

Not all animals spooled were successfully followed (Table
3.9). For example, the gliding habits of P. breviceps often
made locating and following threads difficult. Threads
sometimes broke in windy conditions, and others were
difficult to locate in the tops of large Eucalyptus trees.
However, searching with the aid of binoculars usually
overcame these problems. A further complication arising in
all species spooled was that animals occasionally removed
the spools shortly after attachment. Spools attached to A.
stuartii sometimes fell off when vegetation brushed against
the device. This was particularly evident during the mating
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Table 3.9. Comparison

of tracking success

for 115 animals

captured and spooled among three species.

Losses

Species

Lost

A. stuartii
P. breviceps
C. nanus

2
3
-

Fell
off

Successes

Removed
Stayed on Visited at
by animal (no visits)
least
one plant

22*
3

7
3

14
3

22
31

-

1

-

4

* the majority were spooled just prior to the male die-off,
during the mating period.
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period, when their

fur often falls out

(Braithwaite & Lee

1977). On all but a few occasions, spools ran out before
the animals returned to daytime refuges, making it
difficult to estimate the time taken to move the length of
the threads. However, several animals were trapped some
time after being spooled (either on the same night, or in
the morning), and some had run through only half the spool
at this time. It seems that the length of time taken to run
through the threads is extremely variable. Some individual
P. breviceps may take as little as one hour, while for
other animals, it may take most of a night. Despite some
minor problems, a relatively small trapping effort did
yield substantial information about the mammalian flower
visitors. Table 3.9 shows the relative successes and losses
for all animals spooled. Of the 115 animals which were
spooled, 57 individuals visited and foraged at one or more
flowering plants over the length of the thread. Of the
three species tracked, A. stuartii was more likely than
other species to run through the thread without visiting
any inflorescences.

Figures 3.6 to 3.8 illustrate the foraging paths followed
by one individual of each species tracked. These
representatives are not necessarily considered 'typical'
traces, as there was a great deal of variability in
behaviour. Other examples, showing some of this variability
are given in Appendix 3.3. One individual male P. breviceps
was successfully tracked four times between July and
September 1988 (Fig. 3.6). Three of these tracings were
within a five day period, during the latter part of the
season. On all four occasions, the animal used the same
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Fig. 3.7.
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are
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and
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plants. Plants
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Fig. 3.8.

Spool

trace

nanus, tracked during
Circles

represent

for

a male

Cercartetus

the early-flowering period
B.

Eucalyptus, triangles
inverted triangles

obtained
spinulosa
represent

plants,
B.

of 1988.

squares

are

paludosa plants,

and

represent B. ericifolia

plants. Plants

which were visited are indicated by filled symbols.

Ill
den-tree, and movements altogether covered an area of 105
by 78 metres. Although this animal did visit one particular
plant on three separate occasions, different foraging
routes were taken each time, and the animal missed many
flowering plants as a consequence (although it may have
come back to these some time later). Other individual P.
breviceps showed similar patterns, whereby the same den
tree was utilized at different times, but different routes
were taken whilst foraging (see Appendix 3.3). Figure 3.7
shows the foraging path of an individual male C. nanus,
tracked during the early part of the 1988 flowering season.
This animal visited six B. spinulosa and one B. paludosa
plants over the length of the thread, travelling 45 metres
from its release point. It travelled close to many nonflowering plants along its route, sometimes zig-zaging
between them and often going through plants without
attempting to visit them. This behaviour was commonly
observed in both C.nanus and A. stuartii individuals, and
may have been a method of checking to see whether plants
were flowering. Figure 3.8 illustrates the foraging path of
a female A. stuartii, tracked during the middle part of the
1988 flowering season. This animal, which was released in
the morning, went into a hollow log shortly after its
release. After leaving the hollow, the animal commenced
foraging a short distance away, visiting three B. paludosa
plants and one B. spinulosa, missing some flowering plants
along the way. It then travelled in a zig-zag pattern,
crossing a track, and moving a total of 32 metres before
visiting another two flowering plants (one B. spinulosa and
one B. paludosa).
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The number of plants visited over the length of a thread
varied from zero up to 11. A. stuartii visited relative
fewer B. spinulosa plants (mean = 1.22+0.31) than either
P. breviceps (mean = 2.83 +. 0.43) or C. nanus (mean = 3.0 +
1.15). There was a tendency for P. breviceps to visit a
greater number of plants during the middle part of the
season, when there were more plants in flower.

The number of inflorescences visited on flowering B.
spinulosa varied from between one and four for all species
(Table 3.10). Animals sometimes visited all inflorescences
in flower, although they never visited more than four at
one foraging bout, even though there may have been up to 10
available at a time on a plant. The percentage of available
inflorescences visited on average was; 75.8% for P.
breviceps, 73.9% for A. stuartii and 90.9% for C. nanus.
However, the number of inflorescences visited per plant
showed no significant variability amongst individuals of a
species, nor between species (Appendix 3.2; Table A3.3).
Similarly, comparisons of the number of inflorescences
visited per plant for different parts of the season (i.e.
early, mid and late) yielded no significant differences
overall, although significantly fewer inflorescences were
visited during the latter part of the season compared to
the early part.

The percentage of visits by animals to inflorescences at
different stages of opening are given in Table 3.11. P.
breviceps visited inflorescences at all stages of opening,
from those which had not commenced flowering through to
those which had all of their flowers open. Visits to
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Table 3.10.

Comparisons

visited per plant

of the

by spooled animals. A.

paludosa and B. ericifolia over

inflorescences

number of

B. spinulosa, B.

all years. B. Early-, mid-

and late-flowering for B. spinulosa during 1988. Values are
means + standard errors, n is the number of plants visited.

P. breviceps

A. stuartii

C. nanus

A.
B. spinulosa 1.68+0.10 1.52+0.16 1.54+0.16
n =
82
23

11

B. paludosa 1.00+0.00 1.41+0.21 1.25+0.25
n =
6
17

4

B. ericifolia 3.13 + 0.44 2.33 + 0.56
n =
8

6

B.
Early 1.33+0.33 2.67+0.88 1.50+0.22
n =
6

3

Mid 1.86 + 0.17 1.40 + 0.25
n =
43

5

Late 1.13+0.09 1.40+0.45 1
n =
15

5

6

1
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Table 3.11.
Percentage
of visits
to B.
inflorescences at different stages of opening.

spinulosa
Stages of

flower opening;

no pollen

obvious. II.
III.

between

I. scattered

less than
one

one quarter

quarter

approximately half the total
and three-quarters

of

flowers open, but

all

three-quarters, but not all

and

of all
one

flowers open.

half

open.

IV.

flowers open. V. between half
flowers

open.

VI. more

than

flowers open. VII. all flowers

open, n is the total number of inflorescences visited.

Stage of
opening

% Flowers Open
P. breviceps

A. stuartii

I

3.7

II

11.2

III

15.7

12.1

16.7

IV

15.7

12.1

11.1

V

19.4

24.2

5.6

VI

12.7

15.2

5.6

VII

21.6

30.3

44.4

n 134 33 18

6.1

C. nanus

0

5.6
11.1
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inflorescences at different stages of opening for this
species were approximately evenly distributed, with no one
stage being particularly favoured. A. stuartii, also
visited inflorescences at most stages of opening, although
they seemed to favour inflorescences which had more than
half their flowers open. Although C. nanus visits were
relatively few, a greater proportion were to those
inflorescences that had all their flowers open.

The distances moved between each flowering plant visited in
a foraging bout ranged from zero (i.e. a near-neighbour) to
59m, with P. breviceps moving the greatest distance, at
times visiting plants greater than 35 metres apart (Fig.
3.9). However, most animals tracked moved relatively short
distances, with most movements being either to another
inflorescence on the same plant, or to a nearby plant. On
average, 30.7% of all movements made by animals were less
than five metres, with the proportion of moves to
inflorescences on the same plant being 36.6% for P.
breviceps, 39.1% for A. stuartii, and 27.3% for C. nanus
(average 27.5%). For inter-plant visits, the mean distances
moved between visits varied considerably (Table 3.12).
However, whilst individuals showed statistically
significant variation, there were no consistent patterns
amongst species (see Appendix 3.2). Some differences were
found, however, in the distances moved between plants for
different times within a season. Animals moved
significantly greater distances during the latter part of
the flowering season than at other times, although this was
primarily due to visitation by P. breviceps (Appendix 3.2;
Table A3.2).
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Table 3.12.

Distances

moved

between

all plants

visited

(including species other than B. spinulosa) for individuals
tracked during 1986, 1987 and the early-, mid- and lateflowering periods of 1988. Instances in which only one
plant was visited over the length of the thread are not
included. Values given are means ± standard errors, n is
the number of samples obtained.

P. breviceps

A. stuartii

C. nanus

1986
n =

18.70+6.85
7

5.88 + 1.01
5

1987
n =

21.85 + 14.95
2

9.34 + 5.92
5

1988
Early 11.28 + 3.05 5.68 + 2.68 10.40 + 3.72
n =
5
4
Mid 10.84 + 1.40 9.28 + 3.68
n =
43

8

Late 28.40 + 6.5 6.15 + 2.55 4.20
n =
9

2

Total 1988 13.66 + 1.69 9.34 + 2.45 9.63 + 3.31
n =
57
14

Range

0.6-59

0.2-31.2

7

1
8

0.2-22.8
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Animals did not confine visitation to B. spinulosa, but
often visited other species flowering at the same time,
sometimes swapping from one to another during a foraging
bout (Table 3.13, Figs. 3.6, 3.7 and 3.8). This was
particularly evident for C. nanus, individuals of which
visited five species of plants in total during 1988. C.
nanus visited two species equally often (B. spinulosa and
B. ericifolia; 35%), as well as Acacia, Eucalyptus, and B.
paludosa. In contrast, P. breviceps visited B. spinulosa
most often; of the 81 flowering plants visited in total, 63
(79%) were to B. spinulosa, 9% to each of B. paludosa and
B. ericifolia, and 5% to Eucalyptus species. A. stuartii
visited B. spinulosa and B. paludosa equally often, and
made no visits to other plant species.

3.4 Discussion
3.4.1. Pollinator Visitation
This study has clearly demonstrated that three species of
small mammals often visit inflorescences of B. spinulosa
throughout its flowering period, and are important
pollinators at this site. Several species of small mammals
have also been observed to visit other species of Banksia
(e.g. Hopper 1980, Hopper & Burbidge 1982, Wooller et al.
1983, Turner 1984, Goldingay 1989, Howard 1989, Goldingay
et al. 1991), and have been implicated in the pollination
of B. spinulosa at two sites in Victoria (Turner 1985,
Huang et al. 1986), and elsewhere in NSW (Goldingay et al.
1991). In these studies, mammals were regularly trapped in
areas containing flowering plants, and Banksia pollen was a
predominant item in faecal samples of C. nanus (Turner
1985, Huang et al. 1986),
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Table 3.13. Numbers

of visits

by spooled A.

stuartii, C.

nanus and P. breviceps to each plant species during the
early-, mid- and late-flowering periods of 1988. B. spin;
B. spinulosa, B. pal; B. paludosa, B. eric; B. ericifolia,
Euc sp; Eucalyptus species.

B. spin

B. pal

B. eric

Acacia sp.

Euc sp.

I. A. stuartii
Early 3 5 0 0 0
Mid
5
Late
5
Total
13

8
0
13

0
0
0

0
0
0

0
0
0

1
0
2
3

0
0
6
6

1
0
0
1

1
0
0
1

2
4
0
6

0
5
2
7

0
0
0
0

2
0
2
4

II. C. nanus
Early
Mid
Late
Total

6
0
1
7

III. P. breviceps
Early
Mid
Late
Total

6
43
15
64
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Acrobates pygmaeus (Huang et al. 1986) and A. stuartii
(Goldingay et al. 1991). Although mammals appear important
for the pollination of these plants, it is likely that B.
spinulosa exhibits a 'combined pollination system', as
suggested for Banksia and Eucalyptus (see Goldingay et al.
1991), wherein no one group of pollinators provides the
only means of pollination for the plant. In the present
study, A. tenuirostris was also a frequent visitor to
flowering B. spinulosa plants, as were introduced honeybees
(A. mellifera), native bees and several moth species, and
both diurnal and nocturnal visitors were capable of
effectively pollinating this species. This type of combined
pollination system may be beneficial to plants such as B.
spinulosa which have a wide distribution and are found in a
variety of habitats (George 1984). Under such
circumstances, the pollinating guild may not consist of the
same suite of species in different populations. For
example, B. spinulosa in New England National Park appears
to be pollinated exclusively by diurnal visitors (Vaughton
pers. comm), and primarily by A. tenuirostris (Vaughton
1990). Although there appears to be no mammalian visitors
at that particular site, plants are able to reproduce
effectively (although it has also been shown that these
plants are capable of autogamous seed production).

3.4.2. Pollinator Attractants
Cues used by pollinating animals to locate and forage at
flowers and inflorescences include the senses of vision,
olfaction and taste (Waddington 1983). In some plant
species, colour appears to be the primary factor which
influences visitation to flowers. For example, in B.
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ilicifolia, a bird-pollinated species, open flowers are
intially yellow, and become red when pollen viability and
stigma receptivity decline (Lamont & Collins 1988). These
colour changes are accompanied by differences in rates of
visitation by honeyeaters, with very few individuals
visiting red-phase flowers compared to yellow. Similar
colour changes have been observed in other bird and insectpollinated plants (e.g. Schemske 1980, Delph & Lively
1985), and have also been shown to induce foraging
preferences by flower visitors. Although it is not clear
what cues mammals use to detect plants containing nectar
and/or pollen, one cue often interpreted as a primary
attractant for mammalian flower visitors is the presence of
a distinctive 'musky', or 'yeasty' odour (Carpenter 1978,
Wiens & Rourke 1978, Wiens et al. 1983, although see Lumer
1980). While scent may be the most likely cue used by
nocturnal pollinators (Young 1986), no studies have
specifically investigated selection of inflorescences by
these pollinators, and different species may use different
cues. For example, some species of bats are thought to rely
primarily on vision as a means of orientation (Gould 1978,
Voss et al. 1980, Kress 1985), while others are presumed to
use olfaction as a primary cue (Baker & Harris 1957). In
the present study, mammalian flower visitors of all species
appeared to use odour as a primary cue for locating
flowering plants. Open inflorescences of B. spinulosa have
a distinctive musky odour, and do not change colour
appreciably through their flowering. During foraging bouts,
spooled animals were often recorded travelling directly
beneath B. spinulosa plants (close to the central stem),
but were never observed to go up into plants which were not
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flowering at the time. On those plants which were visited,
animals sometimes went towards inflorescences that had not
commenced flowering, as if to check whether they were
secreting nectar. Animals of all species also visited
inflorescences which had completed flowering (i.e. no
newly-opened flowers with pollen), although in many
instances these inflorescences may have continued to
secrete some nectar, as the flowers were not yet dead. It
therefore seems that the small mammals at this site use
odour to detect which plants are in flower, and that
animals perceive this odour at ground level, or even
further. However once they enter a plant, animals may have
trouble differentiating unopened inflorescences from those
which are secreting nectar, and they showed no clear
preferences for flowers at a particular stage of opening
(although they never attempted to visit very young ones in
bud).

3.4.3. Pollinator Effectiveness
The effectiveness of pollinators depends not only on the
regularity of visits to inflorescences of a particular
species, but also on the capacity of individuals to pick up
and transport pollen to receptive stigmas. Here I have
shown that both nocturnal and diurnal flower visitors were
effective at removing pollen and pollinating flowers. While
the experimental design used here to investigate pollen
removal and deposition differentiated only between
nocturnal and diurnal visitors, other results obtained
indicated that vertebrates (i.e. birds and mammals) were
more effective pollinators than insect visitors.
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Bees (both introduced and native) carried surprisingly high
pollen loads and were frequent visitors to B. spinulosa.
Nevertheless it is unlikely that they effected much
pollination of this species. Casual observations indicated
that most individuals which visited inflorescences were
foraging for nectar. In doing so, they remained at the base
of florets, and would rarely have contacted pollen
presenters. Photographic records indicated that in only 29%
of visits did bees go anywhere near open flowers, and these
were generally near the advancing front of newly-opened
flowers. The small proportion of bees which collected
pollen would therefore also be unlikely to contact
receptive stigmas often, since they actively searched for
pollen-laden flowers. A. mellifera has also been seen as a
relatively ineffective pollinator of several other plant
species (e.g. Ramsey 1988, Taylor & Whelan 1988, although
see Paton & Turner 1985). For example, in B. menziesii,
honeybees were found to deposit one quarter of the amount
of pollen onto stigmas compared to honeyeaters, and
accounted for one tenth of the seed produced (Ramsey 1988).
Moreover, honeybees may in some instances, alter the
foraging behaviour of other pollinating species (D. Paton,
pers. comm.), or deter other animals from visiting flowers
(see Taylor &. Whelan 1988).

In this study, moths were also considered to be relatively
ineffective pollinators. Although they accounted for one
third of all nocturnal visits, very few individuals
captured carried significant pollen loads. Photographic
records indicated that, like A. mellifera, in only one
third of visits did they forage anywhere near open flowers.
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In contrast, A. tenuirostris appeared to forage close to
open flowers approximately 50% of the time, indicating that
approximately half of their visits could have resulted in
either effective pollen deposition or uptake.

In terms of the proportion of visits which would be likely
to effect pollination, mammals were the most effective
visitors to B. spinulosa. On average, 86% of visits
recorded photographically by all three species were such
that animals would contact pollen presenters. Moreover,
because these animals often moved all over an inflorescence
during a visit, they were likely to pick up and deposit
more pollen than other animals. Recent work at the same
site (Goldingay et al. 1991) has shown that this is the
case for P. breviceps and A. stuartii. Pollen loads sampled
from recently foraging animals were found to be extremely
high, and animals often carried thousands of grains on
their fur (compared to an estimate of hundreds of grains
for the birds sampled in the present study).

Another consideration of pollinator effectiveness is the
spatial and temporal separation of male and female flowers.
Flowers containing pollen (i.e. male) are normally the
newly-opened ones, occurring near or at the advancing
front. The receptive female flowers (i.e. those which have
had pollen removed from their stigmas and have subsequently
become receptive) are located further back, towards the top
of an inflorescence. Honeyeaters were observed to forage
predominantly close to the advancing front (usually
remaining in the same position throughout a foraging bout.
In contrast, mammalian visitors often moved over the entire
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inflorescence, and unlike the birds, much of their body
made contact with flowers. These two types of behaviour
have quite different implications for the pollination of B.
spinulosa plants. A. tenuirostris would, in most instances,
contact only newly-opened flowers, and consequently pick up
reasonably large pollen loads (verified from pollen load
data). Nevertheless, they would contact relatively few
receptive flowers before leaving an inflorescence, and may
be responsible for relatively few pollination events. On
the other hand, mammalian visitors were observed to make
contact with both male and female flowers, presumably both
picking up and depositing pollen on flowers. Thus they are
probably responsible for higher levels of actual
pollination. However, this also means that they would
transfer a larger proportion of pollen within an
inflorescence, resulting in some self-pollination. If B.
spinulosa is largely self-incompatible, the foraging
behaviour of mammals could be regarded as somewhat
counterproductive, on the one hand promoting higher levels
of pollination, but at the same time inhibiting
reproduction in some flowers. Conversely, if this species
is self-compatible, mammalian visitation could result in
comparatively higher levels of selfing for some flowers
(but the frequency of inter-plant moves and actual pollen
flow must also be considered; see discussion below).
Overall, it appears that while vertebrates probably
accounted for most pollination of B. spinulosa, none of the
pollinators is highly efficient at cross-pollinating
flowers. This may in part account for the observed low
levels of seed set in the species (see Chapter 2). Only
about 40% of flowers left open to pollination throughout
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their flowering life contained pollen tubes (Chapter 2).
Those which pollinators had access to for a single day or
night contained a lower percentage (approximately 23%),
with no consistent differences between either group.
Further data on B. spinulosa from the same site has given
similar results (Goldingay et al. 1991), The proportion of
cross- and self-pollen grains which contributed to these
figures is not known, nor whether these plants are capable
of any self-pollination. The proportion of flowers which
eventually produce seed is considerably lower. Only 1-2%
of flowers ever develop seeds (see Chapter 2), and although
most inflorescences show evidence of some pollination (i.e.
pollen tube growth), many fail to produce infructescences
(Goldingay et al. 1991). Further work is required to
elucidate the breeding system of B. spinulosa, and to
determine whether inadequate pollination could be a
reasonable explanation for low fruit set in this species.

One surprising finding of this study was the amount of
pollen tube growth detected in inflorescences which had
their pollen removed and were subsequently left bagged. It
may have been that I was unable to remove all of the
pollen, and at the same time, removal of most allowed the
remainder to germinate. Alternatively, small insects may
have been able to gain entry to the bagged flowers
(possibly Staphylinid beetles, which are known to collect
pollen from Banksia flowers; see Ramsey 1988), and
transferred small amounts of pollen from other open flowers
on the inflorescence. Staphylinid beetles were observed
occasionally on inflorescences, and may also have been
responsible for the loss of pollen from bagged flowers in
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pollen removal experiments. It would be interesting to
pursue this matter further, by documenting the abundance of
small insects on flowering plants, and investigating their
role in the pollination of these flowers (as per Ramsey
1989).

3.4.4. Mammal Foraging Behaviour and Implications
for Pollen Flow
The present study is the first comprehensive study to
investigate the foraging behaviour of mammalian flower
visitors, and document their movements among flowering
plants. Only a few studies have attempted investigations of
foraging behaviour (e.g. Hopper & Burbidge 1982, Terborgh &
Stern 1987, Goldingay 1989), and even these have been
relatively superficial. Nectarivorous bats have a better
representation in the literature, although much of the work
has entailed documentation of flower-feeding species, or
observations of their behaviour at individual flowers or
inflorescences (e.g. Baker & Harris 1957, Heithaus et al.
1984, Start & Marshall 1976, Gould 1978, Voss et al. 1980,
Kress 1985). Relatively few studies have investigated their
movements between trees or their role in facilitating
pollen flow (for an exception to this see Lemke 1984).

It has been suggested that mammal pollinators are
relatively sedentary compared with bird pollinators (e.g.
Hopper & Burbidge 1982), and as a result, plants pollinated
primarily by non-flying mammals may suffer reductions in
fruit set compared with bird-pollinated species (Wooller et
al. 1983). However, despite differences in behaviour at
inflorescences, patterns of movement for all three species
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of mammalian visitors investigated here were comparable to
those documented for birds which visit Banksia
inflorescences (see Collins & Spice 1986, Ramsey 1989,
Vaughton 1990). In some instances, mammals may actually
facilitate greater pollen dispersal than the honeyeaters.
For example, in B. menziesii, approximately 40% of
movements by birds were to other inflorescences on the same
plant (Ramsey 1989), while for B. prionotes this value was
72% (Collins & Spice 1986). In another study on B.
spinulosa (Vaughton 1990), the percentage of intra-plant
moves for honeyeaters was approximately 30%, This compares
to the value of 27.5% obtained for mammalian visitors in
the present study. The high rate of inter-plant movements
by these mammals is also much greater than that observed
for honeyeaters visiting other plant species (Hopper 1980,
Hopper & Moran 1981), indicating that mammals may not be as
sedentary as originally presumed, and may be responsible
for the dispersal of a considerable amount of cross pollen.
Hopper & Moran (1981) calculated a minimum outcross pollen
flow of 18% for Eucalyptus stoatei (based on inter-plant
movements), and found a five-fold difference between this
and actual outcrossing rates (82%). In the present study, a
comparable value of 70% minimum outcross pollen flow is
considerably higher than this. Furthermore, while many of
the moves by mammals between plants were to near-neighbours
(i.e. less than five metres away), mean inter-plant
distances were quite high, and some movements were quite
long. This concurs with other studies on pollinator
behaviour, where movements, and possibly pollen flow, are
often leptokurtotic in distribution (e.g. Pyke 1978, 1981,
Waser 1982).
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Optimal foraging theory predicts

that movements of flower-

visiting animals should be such that they maximise their
net energy gain (see Pyke 1978). Ideally, pollinators
should forage within small areas, and visit neighbouring
plants as a function of plant or flower density. A commonly
observed feature of many plant-pollinator systems is that
floral density and pollinator visitation rates and/or
behaviour are correlated (see Augspurger 1980, Schmitt
1983). For example, Schmitt (1983) found that patterns of
movement within plants did not change with different plant
densities, although flight distances increased as the
density of plants decreased. Similarly, Melampy (1987)
found the dispersal distances of pollen analogues to
increase during times of low flower production. For A.
stuartii in the present study, no correlations between time
of season and visitation were evident, and visitation by C.
nanus was observed too rarely for any assessment. However,
movement distances of P. breviceps did show a significant
increase later in the season, when their were fewer plants
and fewer inflorescences on each plant in flower compared
to other times (see Chapter 2). Similarly, the number of
inflorescences visited per plant decreased slightly (but
not significantly) at this time. Honeyeater behaviour was
not investigated in any detail in this study, but Vaughton
(1990) found that the foraging movements of honeyeaters
were more restricted when the abundance of B. spinulosa
inflorescences was greatest, and it is likely that a
similar situation exists here. Overall, these results
indicate that pollen flow in B. spinulosa may vary in
response to changing flower densities, and that patterns of
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pollen transferral may vary from season to season, and also
within a season. Moreover, the foraging behaviour of
pollinators indicates that pollen flow in this population
should vary spatially, as well as temporally. Distances
moved between visited plants showed significant variability
amongst individuals. While some animals foraged within
relatively small areas, others foraged widely, skipping
over flowering plants, and making some long distance moves.
Furthermore, the home range of animals, particularly P.
breviceps, is such that they would forage over much of the
population. Pollen dispersal distances are therefore likely
to vary considerably, and plants should receive pollen from
a variety of sources. Coupled with the potential for pollen
carryover in the population (see discussion below), this
will have two important consequences for the population of
B. spinulosa. Firstly, outcrossing rates are expected to be
high, and may vary spatially and temporally as a function
of different patterns of pollen flow. Secondly, the receipt
of pollen from a variety of sources opens up the
possibility of some form of 'choice', whereby certain, more
favourable pollen types may have an increased chance of
siring seeds (through either pollen competition or mate
choice). It therefore seems that there is a large potential
for variation in the mating system of B. spinulosa, and a
large capacity for mate choice. Other studies have shown
that variability in pollen dispersal or pollinator
behaviour can influence reproductive success (e.g. Gross &
Werner 1983) and gene exchange (Ellstrand et al. 1978), as
well as neighbourhood sizes and gene flow (Handel & Mishkin
1984, Cahalan & Gliddon 1985), and it would be interesting
to investigate whether such correlations exist for B.
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spinulosa.

The

dispersal

of

pollen

is

not

only

a

function

pollinator flight distances, but is also influenced by
pollen carryover (Motten et al. 1981). This has been
investigated in some depth for several plant species (e.g.
Thomson & Plowright 1980, Waser & Price 1984, Thomson 1986,
Feinsinger & Busby 1987, Waser 1988), and for many plantpollinator systems, it has been shown that the movements of
animals and the dispersal of pollen follow a leptokurtotic
distribution (e.g. Levin & Kerster 1974, Pyke 1978, Webb &
Bawa 1983). However, it is difficult to to generalize about
correlations between the movements of animals and patterns
of pollen dispersal (i.e. the influence of pollen
carryover), since there has been a great deal of
variability in results so far obtained. For example, both
Waddington (1981) and Peakall (1989) found few differences
between mean vector flight distances and pollen flow in the
species they studied, indicating that pollen carryover
constituted a minor component of pollen flow. In
comparison, Waser (1988) has shown that pollen and dye
transfer in D. nelsonii was nearly half for bees compared
to hummingbirds, even though their actual flight distances
were similar. Similarly, Linhart et al. (1987) found that
two different species of hummingbird which visited
different plant species dispersed pollen similar distances,
despite their disparate behaviours. One species was
relatively sedentary, while the other followed a traplining
mode of behaviour. In the present study, no measure of
pollen carryover was attempted, but for mammalian visitors
at least, this is likely to be quite high. Pollen adheres

of
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to the fur well, and pollen loads carried by these animals
are high (Goldingay et al. 1991). In order to obtain an
accurate estimate of the pollen dispersal capabilities of
both bird and mammal visitors, it would therefore be of
future interest to investigate the extent of pollen
carryover in B. spinulosa.

3.4.5. Competition for Pollinators
The extent to which animals remain faithful to one plant
species, and the frequency at which they make interspecific
movements between flowering plants, have important
implications for the reproduction of plants (Waser 1978
a,b, Campbell 1985). Deposition of foreign pollen on
stigmas may have one of several consequences for individual
plants. Firstly, it may interfere with germination of
appropriate pollen types, and cause reductions in seed set
(Zimmerman 1980). Alternatively, the potential for
hybridisation may be increased by receipt of interspecific
pollen (e.g. Hopper & Burbidge 1978). A lack of
faithfulness of pollinators will also result in
considerable wastage of pollen, as much of the pollen
picked up on one plant may be lost to the system if the
pollinator subsequently visits other species.

In the present study, most pollinators (including birds,
honeybees and mammals) were observed to visit flowers of
species other than B. spinulosa on occasion, indicating
that competition for pollinators may be an important
component of the flowering plant community here (see also
Copland & Whelan 1989). A. stuartii visited B. spinulosa
and B. paludosa equally often, while C. nanus foraged at an
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array of species. Overall, P. breviceps appeared to be the
most 'faithful' pollinator, confining almost 80% of its
visits to B. spinulosa. At this stage, the effects of these
patterns of visitation on the reproduction of plants are
unclear. No obvious hybrid plants were ever sighted in the
area, and although levels of fruit production are low for
all species (Chapter 2, Whelan & Goldingay 1986, Copland &
Whelan 1989), evidence for pollination limitation ( and a
possible component of competition) for these species is
variable. Increases in fruit set in B. spinulosa and B.
paludosa have been elicited through pollen-supplementation
experiments at other sites where these species co-occur
(Copland & Whelan 1989), but only in certain flowering
seasons. Furthermore, pollen additions to B. spinulosa at
the same site as the present study have failed to increase
fruit set (Goldingay & Whelan 1990). Manipulative
experiments (such as those by Lewis & Bell (1981),
investigating pollen tube growth from interspecific
crosses) are now required to investigate the implications
of potentially large amounts of interspecific pollen flow
on the reproduction of B. spinulosa.
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Chapter 4.

The Mating System of Banksia spinulosa

4.1. Introduction
Analysis of the mating system operating in a plant
population is central to any study of pollination biology.
Patterns of mating will determine the transmission of genes
in a population, and will therefore have a large influence
on the genetic structure of populations (Brown 1979).
Traditionally, methods used to study the mating system have
involved inferences, based on observations of pollinator
behaviour, analysis of floral morphology and estimates of
pollen flow (e.g. Hinton 1976, Schmitt 1983, Webb & Bawa
1983, Cahalan & Gliddon 1985). Although all of these
factors may reflect patterns of mating, there are many
problems in using them as the sole indicators of actual
matings (Hamrick 1982, Handel 1983). Mating systems may be
examined more directly by considering the proportions of
self- and cross-pollen which contribute to the production
of seeds (i.e. gene exchange). Electrophoretically
determined gene markers provide an effective means of doing
this, since the composition of seeds that develop from
open-pollination may be assessed (Clegg 1980, Ritland
1983).

Although the reproductive biology of many species in the
family Proteaceae has been studied fairly intensively in
recent years (Collins & Rebelo 1987), almost nothing is
known of their patterns of mating (Ayre & Whelan 1989). At
present, knowledge of mating systems in the genus Banksia
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comes from a

few studies which have

assessed the capacity

of plants to produce seed from self- and cross-pollen (i.e.
breeding systems). There have been some investigations of
seed set and pollen tube growth following experimental hand
pollinations (e.g. Carpenter & Recher 1979, Lewis & Bell
1981, Paton & Turner 1985, Collins & Spice 1986, Salkin
1986, Vaughton 1988), and on the basis of these studies, it
seems that the degree of self-incompatibility may vary
among species. However, reproductive success in this genus
is generally very low (Collins & Rebelo 1987, Chapter 2),
and experimental studies have thus been frustrated by the
requirement of huge sample sizes. Large numbers of
inflorescences are required to compensate for the fact that
many inflorescences fail to set fruit, even if they have
been hand-pollinated (Whelan & Goldingay 1986). Moreover,
studies comparing seed set from different experimental hand
pollinations (i.e. self- versus cross-pollinations) do not
consider natural patterns of pollen transfer. It is likely
that under open pollination, a variety of pollen types are
transferred to flowers, and individual flowers may receive
pollen loads containing both self- and cross-pollen (see
Chapter 3). For most species, natural levels of selffertilization remain largely unknown. Biochemical genetic
estimates are available for only a few species of Banksia
(Scott 1980, Carthew et al. 1988).

For B. spinulosa, observations on pollinator behaviour
indicated that pollinators may transfer a considerable
amount of self-pollen (Chapter 3). Available data on the
breeding system (i.e. levels of self-incompatibility)
indicate some contrasting results, with two varieties of
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this species showing apparently different traits. For B.
spinulosa var. spinulosa, field experiments testing for
autogamy (automatic self-fertilization) have shown that
pollen vectors are required for successful seed set (Whelan
&. Goldingay 1986), and some data indicate that plants may
require outcross pollen to produce any seed (Goldingay &
Whelan 1990). In contrast, a population of B. spinulosa
var. neoanglica clearly exhibits the capacity for selffertilization, and is also capable of autogamous seed set
(Vaughton 1988). However, at present it is not known
whether these traits are fixed, or show variability among
plants or populations. In this chapter, I investigate the
mating system in one population of B. spinulosa, using
estimates of outcrossing from seeds resulting from openpollination.

4.2. Methods
For estimation of outcrossing rates, infructescences were
collected from ten randomly selected plants in the
population (see Chapter 2) during 1986. Seeds from one or
two infructescences per plant were extracted from the woody
follicles, and embryos were dissected out and prepared for
electrophoresis (see below). In addition, pollen samples
were collected from a total of 302 plants during 1987 and
1988, and further seed collections were made from a
selection of these plants, encompassing a range of maternal
genotypes. Electrophoresis was conducted on these samples,
to compare estimates of the pollen pool (obtained
indirectly from seed material) with actual pollen samples,
and confirm initial interpretations of isozyme patterns, by
using pollen from maternal parents and progeny arrays.
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These results were also used to verify maternal genotypes
inferred from seed material collected from the ten plants
initially sampled for outcrossing estimates.

4.2.1. Electrophoresis
Dry seed was homogenized in three drops of a Tris HC1
buffer, containing 10% sucrose, mercaptoethanol and
bromophenol blue. Pollen from 5 to 10 flowers was crushed
in two drops of borate buffer (pH 9.0), which contained
soluble polyvinyl pyrrolidone (20 mg/ml) with small amounts
of dithiothreitol (1 mg/ml) and a pinch of bromophenol
blue. All extracts were absorbed onto paper wicks, which
r

were then inserted in 12% starch gels. Electrophoresis was
conducted for approximately four hours and horizontal
slices were screened for activity and polymorphism of a
variety of enzymes. Staining procedures were modified from
Shaw & Prasad (1970), Harris & Hopkinson (1976) and
Richardson et al. (1986). For the purposes of screening, at
least four seeds from each of four plants, and pollen from
a minimum of 16 plants was assayed. Details of the enzyme
systems tested for each tissue, together with the buffers
used, running conditions and the loci scored are given in
Appendix 4.1. For all enzyme systems used, the most
anodally migrating zones were designated as locus 1, the
next 2 etc. For each locus, alleles were labelled
alphabetically in order of decreasing electrophoretic
mobility.

Four variable loci were resolved for dry seeds: Pgmi, Mdhs,
Adhi and Sodi. A further three apparently variable loci

138
were detected, but their banding patterns could not be
consistently resolved. For each of the ten plants used,
seventeen to twenty seeds were assayed. In the pollen
samples, ten polymorphic loci were detected, although only
three of these could be consistently resolved (Pgmi , Pgi2,
Adhi ). Two of these (Pgmi and Adhi ) had the same
electrophoretic mobility as dry seeds, and were therefore
considered equivalent. For this later sampling, each
maternal plant was genotyped between one and three times
using pollen, to ensure repeatability of banding patterns.
Between four and thirty five seeds were assayed from twenty
four plants examined for the two enzymes found in both
tissues. This was done to examine inheritance in these
enzyme loci.

4.2.2. Genetic Interpretation of Zymograms
Initial genetic interpretations of the enzyme loci used
were inferred from the electrophoretic segregation patterns
of open-pollinated progeny arrays using the principles of
Brown et al. (1975). Maternal genotypes were inferred from
these progeny arrays by a 'maximum likelihood' method
(Brown et al. 1975). In the estimated pollen pool, only the
frequency of the most common allele was estimated, as the
procedure requires that all less common alleles be lumped
(diallelic system).

To determine modes of inheritance for maternal-plant and
progeny arrays obtained for Pgmi and Adhi, genetic analysis
were conducted using the method of Gillet & Hattemer
(1989). This method considers two common modes of
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inheritance; that for co-dominant alleles, and for a
recessive null allele with co-dominance between the
remainder. The expected progeny types and the relationships
between numbers of each type, are given in Table 4.1. For
those plants assayed using 20 or more seeds (i.e. 14
plants), expected ratios were calculated and compared with
observed numbers using chi-square tests.

4.2.3. Mating System
Two related approaches were used to infer the breeding
system from progeny arrays obtained using dry seed. These
were; the coefficient of inbreeding, or Wright's Fixation
Index (F), and the outcrossing rate (t). Wright's Fixation
Index highlights any deficiency of heterozygotes which
result from matings between individuals more closely
related than expected from random mating (Hardy Weinberg
expectations) (Falconer 1981). Values of F approaching zero
suggest total outcrossing, or panmixia. Estimates of
outcrossing (t) are obtained by comparing the genotypes of
maternal plants with those of their progeny, and hence
estimating the proportion of progeny resulting from
outcrossing events. High rates of outcrossing give values
of t approaching unity.

Estimates of these parameters were calculated using singlelocus determinations of Brown et al. (1975). A multi-locus
estimate of outcrossing was also obtained (Ritland & Jain
1981). This procedure is usually considered to be superior,
being based on the behaviour of all loci simultaneously. It
is presumed to be less affected by violations of the mixedmating model, thereby avoiding some of the problems
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Table 4.1. Observed genotypes and expected relationship
between them for two

single-locus modes of inheritance. A.

co-dominant alleles,

and B.

co-dominance between

others. AiAj

genotype containing

a recessive null

the alleles

individuals homozygous for the
the phenotype of

i

denotes

a heterozygous

and j;

AoAo indicates

null allele Ao ; Ai - denotes

an individual, of genotype

and Nii is the number of
& Hattemer (1989) .

Maternal

Progeny

genotype

genotypes

AiAi

allele with

AiAi or AiAo ;

progeny. Taken from Gillet

Expected relationship
between progeny genotypes

A.
AiAi

AiAi
Ai Ak (k* i )

AiAj

AiAi

(i*j)

AjAj
AiAj
AiAk
AjAk (k*i,j)

Nij = Nii + Njj
Nik = Njk (k*i,j)

B.
Ao Ao Ao Ao
Ak- (k*0)
Ai Ai Ai (i*0)

AiAk (k*0,i)

Ai Ao

Ao Ao

No o i Ni -

(i*0)

AiAkAiAk (k*0,i)

Nk- = Nik (k*0,i)

A 4 A A A -: —>

(0*i,j 0)

AjAiAj
AiAk
AjAk (k*0,i,j)

Nij s Ni- + NjNik = Njk (k*0,i,j)
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encountered in single-locus determinations (Green et al.
1980; Shaw et al. 1981).

To assess possible variability in pollen allele frequencies
amongst plants, chi-square tests of heterogeneity (Brown et
al. 1975) were conducted, taking each locus separately. For
each homozygous plant, the number of heterozygous (i.e.
outcrossed) progeny were compared with homozygous progeny,
and any heterogeneity between families was detected using
contingency table analysis.

The multi-locus procedure for estimating outcrossing rates
requires that the alleles at each locus assort
independently of those at other loci (i.e. are in linkage
equilibrium; Ritland & Jain 1981). Similarly, single-locus
estimates can be considered independent only if loci are in
linkage equilibrium (Brown et al. 1975). Consequently,
tests for associations of genotypes between loci (i.e.
linkage disequilibrium) were conducted using Burrow's
composite measure A ij (Brown & Weir 1983, with corrections
- J. Sampson pers. comm.). This measure describes the
deviation due to a non-random association of multi-locus
genotypes. It was used in preference to the more commonly
used one of gametic disequilibrium (D) (Hill 1974), since
the requirements of this latter measure involve assumptions
about the transmission of genes (e.g. random union of
gametes) which could not be verified for these data (see
Brown & Weir 1983) .
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4.3. Results
4.3.1. Genetic Interpretation
Alcohol Dehydrogenase (ADH)
Two zones of activity were present in both pollen and seed
material. The faster migrating locus (Adhi) was monomeric,
showing one and two banded phenotypes. The slower locus was
apparently non-specific, being present in several enzyme
systems (including Pgmi and Pgi2 ). For Adhi, three alleles
were intially detected and used for estimates of
outcrossing rate, although another faster allele was
detected during later assaying of pollen samples.
Comparison of pollen and seed material also indicated the
presence of a null allele (see below).

Phosphoglucomutase (PGM)
Three zones of activity, corresponding to three monomeric
loci, were evident in pollen and seed material for PGM.
However, only the fastest migrating locus (Pgmi) was used.
The slower locus (Pgm3), was usually invariant. Pgm2 ,
although polymorphic, appeared to overlap with Pgmi, and
was weaker and difficult to resolve. Three alleles were
initially detected in Pgmi from seed assayed for
outcrossing rates. A further two alleles were detected in
later assays, these being a faster and a slower allele.
Both were relatively rare, particularly the slower one,
which was not detected in any maternal plant, and was found
in only one seed. The faster allele was detected in one
maternal plant, and was found in seed from three of the
twenty four plants subsequently examined.
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Superoxide Dismutase (SOD)
This enzyme was not expressed in the pollen samples assayed
for B. spinulosa. Of the two loci detected in seed
material, only one appeared polymorphic (Sodi). Individuals
at this locus possessed one or three bands, indicating a
dimeric structure. Three alleles were regularly observed.

Malate Dehydrogenase (MDH)
Five loci were detected in seed, and four in pollen. Two of
these were polymorphic (Mdhi and Mdhs), although only Mdhs
could be scored consistently in seed. None was reliable in
the pollen. Mdhs exhibited three banded heterozygotes and
was therefore considered dimeric. Three alleles were
detected in the progeny, although only the most common
allele was found in the homozygous state.

4.3.2. Inheritance of Variation
Progeny from 24 plants were genotyped to examine the mode
of inheritance for Pgmi and Adhi. However, statistical
analysis was possible for only 14 of these, due to the
numbers of progeny assayed. Pgm apparently conformed to
regular Mendelian inheritance for co-dominant alleles. For
homozygous plants, all progeny assayed contained an allele
belonging to the maternal plant. When progeny from
heterozygous plants were examined, numbers of heterozygous
and homozygous progeny were approximately equivalent. All
but one plant conformed to the prediction that the numbers
of heterozygous seeds are equivalent to the numbers of each
type of homozygous seed (i.e. N(AiAj) = N(AiAi) + N(AjAj);
Table 4.2). The plant which showed some deviation contained
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Table 4.2. Single-locus genotypes for two loci (A. Pgmi and
B.

Adhi),

obtained

respective progeny.

from

14 maternal

Chi-square tests

plants

and

were carried

their
out on

homozygous individuals, using the hypothesis that N(AiAj ) =
N(AiAi) + N(AjAj),

where N(AiAj) is the

number of progeny

with genotype AiAj (Gillet & Hattemer 1989). * P < 0.05

Maternal
genotype

Progeny genotypes
AB

AC

AD

BB

4
1

5

3I

2
9
1
2
1
2
3

BC

BD

X
CC

CD

DD

DE

A. Pgmi
AB
BB
BC
BC
BD
BD
BD
CC
CC
CD
CD
CD
DD
DD

1

8
13
13
7
3
6
12
5
1
4

2
7
2
6
14
7
8
5
3
4
4
4

0.67
-

11
7

8
19
18
9
13

4
6
4
7
4
6
11
7
13
11
17
19

0.04
0.25
0.67
0.53
0.29

9
8
3

-

7
3
7
6

4.84*
1.49
0.17
1

—

B. Adhi
AC
BB
BC
BC
CC
CC
CC
CC
CC
CD
CD
CD
DD
DD

1

13
1
1
4

1
4

6
9
14
7
2
4
1

1

2
4
4

8
1

1

10
9
13
16
21
21
30
28
28
10
17
15
14
15

3.57*
-

1
3
1
1
2
5
2
16
14
3
12
13

0
6.26*
-

1.39
0.29
8.00*
1
2

-
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more homozygous progeny (N(AiAi) + N(AjAj)) than expected.

For Adhi, the unexpected finding of non-maternal homozygous
genotypes in the progeny from homozygous plants led to the
prediction that a null allele (i.e. one which codes for no
protein, or to a protein that is unstable or non-functional
under the assay conditions used) was present at relatively
high frequencies. Further support for this is provided by
the observation that 50% of heterozygous plants displayed
significant deviations from regular Mendelian inheritance,
in that AiAj < AiAi + AjAj (Table 4.2). In addition, the
fact that most of the progeny from plants apparently
homozygous for the less common allele conformed to the
expectation that N(Ak-) = N(AiAk), indicated that these
plants were in fact heterozygous for a null allele. If this
conclusion is correct, it is possible that this allele is a
recessive lethal, since no homozygous null individuals were
ever detected.

4.3.3. The Mating System
For all variable loci, three alleles were detected in the
progeny of 10 plants chosen to determine outcrossing rates.
Allelic frequencies in the progeny, maternal trees and
estimated pollen pool for these plants were similar (Table
4.3). Furthermore, allelic frequencies for Pgmi and Adhi
obtained directly from the pollen of 302 plants in the
population were only slightly different from those
estimated from the progeny (Table 4.3). For these two loci,
the most common alleles in maternal plants were found at
frequencies of 0.465 and 0.875 respectively, compared with
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Table

4.3.

Allelic

frequencies obtained

from:

A.

seed

samples collected from ten B. spinulosa plants during 1986,
giving

estimates

for

the

progeny

respective maternal plants (n = 10)
four polymorphic

loci, and

plants during 1987 and

B.

(n

=

193), their

and the pollen pool at

pollen samples

1988 for two polymorphic

taken from
loci (N =

sample size).
A.
Locus

Allele

Progeny

Parent

Pollen + s.e

A
B
C

0.127
0.508
0.366

0.100
0.500
0.400

0.567 + 0.020

Adhi

A
B
C

0.052
0.927
0.021

0.050
0.950
0.000

0.910 + 0.005

Sodi

A
B
C

0.006
0.843
0.151

0.000
0.850
0.150

0.810 + 0.012

Mdhs

A
B
C

0.884
0.106
0.010

0.900
0.100
0.000

Pgmi

B.
Locus

Pgmi
(N=302)

Adhi
(N=292)

Allele

Frequency

A
B
C
D

0.194
0.465
0.333
0.008

A
B
C
D

0.022
0.875
0.099
0.003

0.892 + 0.005
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0.567 and 0.910 estimated from seed material (Table 4.3).

Both methods used to estimate the underlying mating system
for the sample of 10 plants yielded essentially the same
results. Estimates of inbreeding were calculated from 193
progeny using Wright's Fixation Index (F). Values of F
varied across the four loci, ranging from -0.137 to 0.119
(Table 4.4). A significant departure from zero was obtained
for Sodi, indicating a slight deficit of heterozygotes at
this locus. However the mean value of F did not differ
significantly from zero, suggesting panmixia. Similarly,
the estimate of inbreeding expected under inbreeding
equilibrium (Fe), was close to zero (Table 4.5). The mean
single-locus estimate of outcrossing (t) was 1.026, and the
multi-locus estimate was 0.898 (Table 4.5). These estimates
are in good agreement and therefore suggest random mating.
Single-locus estimates of outcrossing did, however, show
some differences across loci. Adhi and Mdhs gave values of
t significantly greater than one, while Pgmi and Sodi gave
values less than one, though these differences were not
significant.

There was some variability in the frequencies of detectable
outcrosses across plants, as indicated by chi-square tests
of heterogeneity. Of the three loci examined, significantly
heterogeneous values were obtained for Mdhs and Adhi (Table
4.5). No value was calculated for Pgmi, since only one
homozygous parent was detected at this locus.

Tests for independence of loci used in the mating system

Table 4.4. Wright's

Fixation Index (F)

for

amongst

193

progeny

spinulosa plants.

ten

* rejection

B.

of null

hypothesis that F = 0, <x= 0.05. * Fe =
(l-t)(l+t),

is

the

coefficient expected under
equilibrium.

inbreeding
inbreeding

F + s.e.

Locus

Pgmi

0.098 + 0.023

Mdhs

-0.137 + 0.205

Sodi
Adhi

0.119 + 0.051*
-0.072 + 0.326

Mean 0.002 + 0.115

Fe*

-0.053

Table

4.5.

Single-locus

and

multi-locus

estimates

of

outcrossing rate and heterogeneity chi-square values for B.
spinulosa. * rejection

of null hypothesis

0.05. A value was not obtained
plant was homozygous.

Locus

Outcrossing rate
t + s.e

that t =

for Pgmi, since

l,a =

only one

Heterogeneity chi-square
Value (DF)
Probability

Pgmi

0.714 + 0.155

Mdhs

1.275 + 0.056*

14.07 (7)

P < 0.05

Sodi

0.896 + 0.153

12.59 (6)

NS

Adhi

1.220 + 0.048*

18.25 (8)

P < 0.025

Mean 1.026 + 0.057
Multi-locus

0.898 + 0.061
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analysis were conducted by comparing the relative
frequencies of genotypes at pairs of loci. Of the six
possible combinations of loci, three showed statistically
significant deviations from zero (linkage disequilibrium)
(Table 4.6). However, for two of these pairs (Pgm/Sod and
Mdh/Pgm), some genotypic combinations were less frequent
than expected from random association, as evidenced by
negative values of A .

4.4. Discussion
Plants in this population showed almost complete
outcrossing using both single- and multi-locus estimation
procedures. Correspondingly high levels of outcrossing have
been obtained for three other species of Banksia assessed
using isozyme markers (Scott 1980; Carthew et al. 1988),
making estimates of outcrossing for this genus among the
highest yet recorded for plants (Schemske & Lande 1985).
The high outcrossing rates estimated here imply that there
is good mixing of pollen in the population studied. Pollen
gene frequencies were relatively uniformly distributed
amongst plants, suggesting that pollen is indeed widely
dispersed within the population. However, it is also
possible that a large proportion of pollen actually
received by a plant is genetically similar, and that
maternal plants only select (or accept) the most favourable
pollen types. A further point for consideration here, is
that several of the assumptions of the mixed mating model
were apparently violated in this population, and the
presence of these violations may bias values of t somewhat.
Furthermore, although multi-locus procedures are usually
considered less likely to be affected (Ritland & Jain
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Table

4.6.

disequilibrium

Estimates
using

of

linkage

Burrow's composite

measure (Brown &. Weir 1983) and standard
errors for all pairs of loci used in
mating

system

analysis. *

the null hypothesis
0.05

Loci

rejection of

that A.ij = 0,

s.e.

Sod/Adh

0.011

0.008

Mdh/Adh

0.003

0.004

Mdh/Sod

0.020

0.006 *

Pgm/Sod

-0.025

0.011 *

Pgm/Adh

-0.007

0.007

Mdh/Pgm

-0.067

0.009 *

P <
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1981), the finding of statistically significant linkage in
the present study has also created some problems with this
estimate (see discussion below).

The mixed mating model assumes that the frequencies of
alleles in the pollen pool are distributed randomly over
the array of mature plants samples (Clegg 1980). Two of the
four loci showed significant heterogeneity of pollen allele
frequencies amongst plants. This may arise through
differences in outcrossing rates among plants,
heterogeneity in the total pollen pool, the Wahlund effect,
or statistical abberations. Although the precise cause of
this heterogeneity can not be determined from this data
set, it may in part be due to differences in the pollen
pool received by plants. Flowering in Banksia spinulosa
continues over several months (McFarland 1985, Copland &
Whelan 1989). However most plants flower for only part of
this time, and patterns of flowering indicate that the
genetic composition of the pollen pool probably does change
through a flowering season (Chapter 2). Although all of the
seed collected was produced in a single flowering season,
the precise time of flowering for each infructescence was
not known. It is therefore likely that inflorescences were
pollinated at different times. This may result in apparent
differences in pollen gene frequencies, without necessarily
affecting outcrossing rates (Fripp et al. 1987). Further
support for this is provided by the observation that some
rare alleles, not represented in maternal plants, were
detected in the progeny. Since these rare alleles had
frequencies of less than 2.2%, they would, however, have
only a minor effect on estimates of outcrossing rate.

153
Furthermore, single-locus estimates were consistently high
and in close agreement with a multi-locus estimation
(although see also the discussion below). If variability in
outcrossing rates was the cause of this heterogeneity, it
would be expected to affect all loci similarly, and
probably result in a downward bias of t. Similarly, a
Wahlund effect (arising from genetic structuring of the
population) should be accompanied by an increase in the
likelihood of matings between close relatives, and
therefore reduce outcrossing levels, which is clearly not
the case here.

Values of t exceeding unity, and heterogeneous estimates
for different loci are not uncommon in outbreeding
populations (Moran & Brown 1980, Smyth & Hamrick 1984,
Vaquero et al. 1989). In this population, values of t for
Pgmi and Sodi were slightly less than one. Similarly,
estimates of the inbreeding coefficient were positive for
these two loci, and for Sodi was significantly different
from zero, indicating a slight deficit of heterozygotes. In
contrast, the other two loci examined demonstrated levels
of outcrossing significantly greater than one, with
corresponding F values being slightly negative (i.e.
indicating an excess of heterozygotes). Several possible
explanations for values of t exceeding unity have been
proposed, including selection for heterozygotes or
outcrossed pollen, or the favouring of particular pollen
types (Epperson & Allard 1984). Disassortative matings or
over-dispersed populations may also result in high levels
of outcrossing (Smyth & Hamrick 1984). When outcross pollen
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received differs among maternal plants, any disassortative
mating will inflate estimates of outcrossing. However,
multi-locus estimates should be less affected by selection
and non-random outcrossing (Ritland & Jain 1981). For this
sample, multi-locus estimates were slightly lower than the
mean single-locus estimate, although neither was
significantly different from one.

Two further assumptions of the mixed mating model are that
alleles segregate in strictly Mendelian ratios, and that
loci assort independently. Mendelian inheritance was
examined for two loci by comparing the ratios of progeny
genotypes for known maternal plants. Pgmi appeared to
conform to Mendelian ratios, as all but one plant exhibited
expected numbers of progeny of each type. In contrast, Adhi
showed evidence of a recessive null allele, and thus the
estimate of outcrossing may not be entirely valid. Null
alleles have been detected in several well-studied plant
species, most of which have been either crop species (e.g.
tomatoes; Rick & Fobes 1975, soybean; Davies & Nielsen
1982, Scallon et al. 1987, maize; Bethards & Scandalios
1988), or conifers (e.g. Allendorf et al. 1982, Neale &
Adams 1981, 1983). In this population of B. spinulosa, the
null allele appeared in maternal plants only as a
heterozygote with less common alleles, and no null
homozygotes were detected. Since individuals heterozygous
for the null allele will appear to be homozygous, fewer
heterozygotes should be detected in such individuals.
Consequently, if any maternal plants carried a null allele,
estimates of outcrossing would be expected to be biased
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downwards (Ritland 1983).

However, although Adhi

did show

significantly fewer heterozygotes than expected for some
heterozygous maternal plants, overall F values indicated a
slight excess of heterozygotes. In addition, the estimate
of outcrossing for Adhi was significantly greater than
zero, indicating that the null allele had little influence
on the outcome. Since no unusual genotypic combinations
were detected in the progeny of the maternal plants sampled
to assess outcrossing rates, it may be that the progeny of
those plants assessed for outcrossing did not carry the
null allele. This could mean that null allele is patchily
distributed in the population and may only be associated
with particular genotypes. However, it was not possible to
estimate its frequency here, since this requires either
controlled crossing experiments, or a reproductive system
in which both contributions to the maternal plant can be
distinguished readily, such as for conifers (e.g. Allendorf
et al. 1982).

Associations between genotypes at different loci are often
found in predominantly self-fertilizing species (Brown
1979), while in contrast, outcrossing populations usually
exhibit low levels of association between loci (Brown 1984;
but see Epperson & Allard 1987). The finding of
statistically significant values in this study, while not
unique (e.g. Brown et al. 1975, Scott 1980), was
nevertheless somewhat unexpected, and throws some doubt on
the validity of the multi-locus estimate for outcrossing.
However, the detection of small amounts of apparent
disequilibrium does not necessarily imply any interactions
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amongst loci, but may merely reflect random population
processes (e.g. drift), or be a result of unrecognized
population subdivision (Waller & Knight 1989). Furthermore,
since the values obtained in the present study were not
highly significant, it may be concluded that any
correlations among loci for this population were not
strong, and probably did not unduly bias estimates of
outcrossing (see also Brown et al. 1975). However, firm
conclusions await more intensive sampling and comparisons
of different populations, to determine whether any
consistency can be found.

As has been shown here and in the previous chapter,
interpretations of other studies of pollination systems
clearly require an understanding of the mating system
(Hopper & Moran 1981, Whelan &. Goldingay 1986). Estimates
of pollinator behaviour or assessment of the breeding
system alone provide only limited information on patterns
of mating in nature. However, even estimates of outcrossing
based on allozyme markers simply give the outcome of
pollinations, and by themselves may also be of limited
value. They may not necessarily reflect actual pollen flow
or patterns of fertilization, and may mask any selective
processes which occur between fertilization and the
development of zygotes. For plants such as Banksia, which
consistently exhibit low levels of seed set (Collins &
Rebelo 1987), many pollination and/or fertilization events
probably do not eventuate in seed, and actual patterns of
matings may be quite different from that observed in the
progeny. The present study shows that mating is essentially
at random, and most progeny are derived from outcrossing
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events. In contrast, flowers are presented on Banksia
inflorescences in such a way that animals visiting them
would promote self-fertilization. A plant may contain
several inflorescences, with many flowers open
simultaneously and male and female phase flowers adjacent.
Even though some long distance pollen movement will occur,
pollinators tend to visit more than one inflorescence on a
plant if available, resulting in the transferral of large
amounts of self-pollen (Chapter 3). Moreover, if adjacent
plants in a population are closely related, pollinators
which forage in a near-neighbour fashion will transfer
pollen to genetically related individuals, giving rise to
inbreeding within the population. Even though levels of
inbreeding appear negligible in the sample of plants
assayed in this study, this may not be representative of
the whole population. Thus a more complete understanding of
population structure is warranted. Moreover, if some kind
of selective process is operating, maternal control over
seed development may result in high levels of outcrossing
even if pollinators move pollen predominantly within plants
(Hopper & Moran 1981), or tend to exhibit near-neighbour
pollinations.

It is clear that in order to obtain a more complete
understanding of the mating system, better estimates of
population structure and size are required, as well as
experimental investigations of the breeding system. The
following chapters aim to do this, firstly by determining
whether this population consists of a continuous panmictic
unit, or exhibits some kind of family structure. Following
this, examination of potential for pollen selectivity, or
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mate choice, will elucidate whether the high outcrossing
rates obtained reflect the receipt of mainly outcrossed
pollen or are the effects of self-incompatibility
mechanisms and/or pre- or post-zygotic selection.
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Chapter 5.

Population Genetic Structure

5.1. Introduction
In plant populations, patterns of mating and population
genetic structure are considered to be interrelated. The
spatial distribution of genotypes in a population will
limit the types of potential mates a plant can have and,
in turn, the mating system is generally thought to be an
important determinant of the spatial structuring of genes
(Loveless & Hamrick 1984). For example, panmictic, or
highly outcrossed populations, are usually considered to
be relatively homogeneous, with genes randomly distributed
through the population. On the other hand, inbreeding
populations are expected to exhibit genetic structure,
existing as small clusters or patches of genetically
related individuals (Hamrick et al. 1979). Until recently,
however, there have been relatively few studies on
microgeographic differentiation of populations for which
the mating system is known (Hamrick 1982), and so these
predictions have only rarely been tested for plant
populations (but see; Schoen 1982b, Ennos 1985, Soltis &
Soltis 1988, Abbott & Gomes 1989). Indeed, some of the
species studied do not appear to conform to this general
view. Spatial structuring of genotypes has been observed
in some apparently outcrossing species (e.g. Schaal 1975,
Linhart et al. 1981, Silander 1984, Wendel & Parks 1985),
while inbreeding species sometimes show spatial genetic
patterns more consistent with panmictic expectations
(Brown 1979). This can arise because the genetic structure
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of a population will also reflect factors not directly
related to the mating system, including evolutionary
history, the movement of genes through seed dispersal
(e.g. Furnier et al. 1987), genotype-environment
interactions (Hedrick 1985) and natural selection (Mitton
et al. 1980). Furthermore, even in outcrossing species,
gene flow through pollen and/or seed dispersal is often
quite restricted (Levin & Kerster 1974, Schaal 1980,
Antlfinger 1982, Smyth & Hamrick 1987). This may then
create small neighbourhood sizes and so cause
substructuring of populations.

For any generalizations pertaining to mating systems and
the genetic structure of populations to be upheld, it is
essential to examine both parameters, and also to
understand something of the genetic system of the species
involved. In the previous chapter, I established that
apparent levels of outcrossing for the population of
Banksia spinulosa were high, despite some apparently
localized movement of pollen (Chapter 3). Although levels
of inbreeding in the sample population (as measured by F Wright's inbreeding coefficient) approached zero, a
relatively small number of plants were involved in the
analysis (see Chapter 4). Although these plants were
selected at random, this sample may not have been
representative of the population as a whole, and may have
given a biased view of the population. The aims of this
chapter are therefore to test for genetic structuring of
the population of B. spinulosa, by employing F-statistics
(Wright 1978), and assessing population differentiation
among five arbitrarily selected subpopulations. This
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analysis also provides an opportunity to test one of the
assumptions of the mixed-mating model used in estimates of
outcrossing rates. Analysis of mating systems assumes the
random mixing of genes, thus any structuring of the
population will violate this assumption.

5.2. Methods
5.2.1. Sampling and Electrophoresis
Pollen samples were collected from 302 of the 1000 B.
spinulosa plants in the population. Collections were made
at random on various occasions during the flowering
seasons of 1987 and 1988. All plants had previously been
mapped (Chapter 2), and Fig. 5.1 shows the distribution of
the selected plants in relation to all other plants in the
population. Pollen samples were kept refrigerated at 4°C
until required for electrophoresis, and the
electrophoretic procedures used followed the methods
outlined in Chapter 4. Pollen samples collected during
1987 were assayed for two enzyme loci; Phosphoglucomutase
(Pgmi) and Alcohol dehydrogenase (Adhi). Those collected
in 1988 were scored for an additional locus; Glucose-6phosphate isomerase (Pgi2). All enzymes were assayed using
a Tris-malate buffer system (see Appendix 4.1. for
details). Descriptions and interpretations of the enzyme
loci for Pgmi and Adhi can be found in Chapter 4. For PGI,
three areas of activity, attributed to three enzyme loci,
were consistently observed in the pollen samples, although
only one of these (Pgi2) was consistently scorable.
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Figure 5.1. The distribution of plants in the study site,
showing those plants genotyped at two or three loci (open
circles) and
the
remainder
(closed
circles). The
boundaries of the five subpopulations are indicated.
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5.2.2. Data Analysis
Several measures were used to summarize the genetic
variability in this population, and for most analyses,
calculations were facilitated with the use of the program
BIOSYS-1 (Swofford & Selander 1981). To assess
intrapopulation variability, the population was subdivided
into five arbitrarily defined subpopulations of equal area
(Fig. 5.1). Since some sampled plants were outside the
defined boundaries (38 individuals), these were excluded
from analyses involving the subpopulations, but not the
total population.

The distribution of genetic variation within and among the
subpopulations was analysed using F-statistics (Wright
1978), where 1 - FiT = (1 - Fis ) (1 - FST). FIT is the
correlation between individuals within the total sample
(i.e. total fixation index), and is made up of two
components; Fis, which describes deviations from HardyWeinberg expectations within subpopulations, and FST which
measures differentiation between subpopulations. FST was
calculated for each allele at each locus, from the
relationship FST = o2/p(l-p), where o2 is the total
variance among samples, and p is the mean allelic
frequency. Since binomial sampling variance can bias
values when FST is small (Johnson & Black 1984), this
component was subtracted from estimates of variance (i.e.
o2c =o2 -o2s, where o2s = p(l-p)/2N), and the corrected
variance (o2c) was used for calculations of FST.
Heterogeneity of allelic frequencies among subpopulations
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were calculated for each locus using G-tests. Deviations
from Hardy-Weinberg expectations (Fis) were tested using
heterogeneity chi-square analysis. For FIT, statistical
significance was tested using the relationship X2 =
FiT2N(n-l), for n(n-l)/2 degrees of freedom, where n is
the number of alleles (Ellstrand & Levin 1980).

To determine the extent to which any deficits of
heterozygotes could be attributed to variance in allelic
frequencies among the subpopulations (the Wahlund effect),
the relationship between heterozygote deficits and
variance of allelic frequencies among subpopulations was
calculated as So 2/He - Ho (where So2 is the variance,
summed for each locus, He is the expected heterozygosity,
and Ho is observed heterozygosity for the total
population; Johnson & Black 1984). In addition, unbiased
estimates of Nei's genetic distance, D, and genetic
identity, I (Nei 1978) were calculated. Genetic distances
were graphed against geographic distances to give a visual
representation of their relationship. Geographic distances
between populations were calculated from the midpoint of
each subpopulation (see Fig. 5.1).

5.3. Results
Allelic frequencies at each locus for the whole population
and each subpopulation are given in Table 5.1. For Pgmi
and Adhi, four alleles were present, while Pgi2 had five
alleles. The pattern of allele distributions showed some
apparent differences among the five subpopulations, with
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Table 5.1. Frequencies of alleles for three loci in pollen
samples of B. spinulosa
and among the

from the total sample population,

five designated subpopulations.

(N) is the

sample size for each locus.

Locus Allele

Total

Subpopulation
1

2

3

4

5

Pgmi
A

302
.194

79
222

84
.226

30
.150

30
.267

41
.146

B

.465

500

.387

.517

.417

.524

C

.333

259

.375

.333

.317

D

.008

019

.012

.000

.000

.329
.000

292

83

29
.000

39
.038

.948

30
.033
.850

(N)

Adhi
A

.022

75
007

B

.875

860

.024
.916

C

.099

133

.060

.052

.100

.038

D

.003

000

.000

.000

.000

.013

52

16

26
.038

(N)

.910

Pgi2
A

.011

023

.000

.000

23
.000

B

.461

535

.471

.469

.543

.269

C

.067

093

.106

.031

.022

.019

D

.453

337

.423

.500

.413

.673

E

.008

012

.000

.000

.022

.000

(N)

179

43
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the less common alleles of each locus being absent in
certain sections of the population.

Some variation amongst subpopulations and loci was evident
for values of Fi s, and significant weighted mean values
were obtained for Pgmi and Adhi (Table 5.2). In general,
Pgmi exhibited an excess of heterozygotes, while Pgi2 and
Adhi showed deficiencies of heterozygotes. However, when
individual subpopulations were considered, statistically
significant values were obtained only in subpopulation No.
2 for Adhi, and subpopulation No. 5 for Pgi2 (Table 5.2).

Estimates of FST for all alleles at each locus are given
in Table 5.3. With the exception of some of the rarer
alleles, which were present in only some parts of the
population, these standardized variance values were small
for most alleles. Furthermore, only one locus (Pgi2)
showed significant variation in allelic frequencies among
the five subpopulations.

A summary of F-statistics for the population, including
estimates of the total fixation index (FIT) are given in
Table 5.4. Significant deficits of heterozygotes in the
population were obtained for Adhi and Pgi2. Conversely,
Pgmi gave a non-significant negative value, indicating a
slight excess of heterozygotes for the population. Where
allelic frequencies show no differences among
subpopulations (i.e. FST = 0), FIT and Fi s are usually
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Table

5.2.

Fi s

values

for

each

subpopulation,

using

weighted averages to combine values across alleles at each
locus.

Significant

equilibrium

were

departures

tested

using

from

Hardy-Weinberg

heterogeneity chi-square

analyses, and are denoted by: * P < 0.05, ** P < 0.01,
*** P < 0.005.

Locus

Subpopulation
1

Pgmi

-0.099

Adhi

0.395

Pgi2

0.055

2

-0.013

3

4

Weighted
5

Mean

-0.001

-0.120

-0.106

-0.068**

0.694**

0.648

0.127

0.391

0.322***

0.051

0.055

0.184

0.430*

0.145

1

Table 5.3. Variation of alle le frequencies in B. spinulosa
among five subpopulations for three enzyme loci. p =
average allele

frequency,

binomial sampling

a 2c =

effects. P

variance corrected for

is the

probability from G-

tests.

Locus

p

o 2c

FST

<0.25

Pgmi
A

0.202

0.00269

0.0167

B

0.469

0.00353

C

0.323

0.00159

0.0142
0.0073

D

0.006

0.00007

0.0112
<0.10

Adhi
0.00023

0.0118

B

0.02
0.897

0.00182

0.0197

C

0.077

0.00186

D

0.006

0.00006

0.0262
0.0097

A

P

<0.025

Pgi2
A

0.012

0.00027

B

0.457

C

0.054

0.01122
0.00184

0,.0228
0..0452
0,.0360

D

0.469

E

0.007

0.01522
0.00097

0,.0611
0,.1396
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Table 5.4. Summary

of F-statistics for

five subpopulations.
calculated from

X2 =

size for each locus

all loci over the

Statistical significance
F n 2 N ( n - l ) , where
and n is the

N is

of FIT was
the sample

number of alleles, with

n(n-l)/2 degrees of freedom (Ellstrand & Levin 1980).

Locus

Fi s

FST

FIT

X

P

Pgmi

-0.068

0.011

-0.057

2.57

NS

Adhi

0.322

0.015

0.332

84.65

<0.001

Pgi2

0.145

0.043

0.182

21.20

<0.025

0.025

0.094

Mean

0.071
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considered equivalent (Eanes & Koehn 1978). The results
obtained here for FIT were similar to, although slightly
higher than, the Fis values obtained (Table 5.4). This
indicates that although there was a small amount of
differentiation between subpopulations, a larger
proportion of the total fixation index (FIT) appeared to
be derived from values of Fis.

The Wahlund effect arises when groups (or individuals)
from different genetic sources are pooled or mixed. This
mixing of individuals will thereby create departures from
Hardy-Weinberg equilibrium, in the form of reductions in
heterozygosity. However, in this population, geographic
variation in allelic frequencies could not adequately
explain the deficits found, and thus it appears that
structuring contributed little overall to the deficits
observed. Estimates of the proportion of heterozygote
deficiencies that may have arisen through geographic
variation in allele frequencies revealed that only 12.5%
could be attributed to the Wahlund effect (Table 5.5).
Not surprisingly, Pgi2 gave by far the greatest
contribution, accounting for 42.85% of this value. The
negative value obtained for Pgmi was derived from the
slight excess of heterozygotes for this locus.

Analysis of Nei's (1978) genetic distance and genetic
identity values indicated that there was relatively little
differentiation among the designated subdivisions in this
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Table

5.5.

Proportions

deficits

that

variances

of

could
allelic

of
be

attributed

frequencies

subpopulations (the Wahlund
So 2

heterozygote
to

among

effect), where

denotes the corrected variance summed

for each locus, He

the expected proportion

of

and

heterozygotes,

Ho

the

observed

proportion of heterozygotes at each locus.

Locus

So 2/(He - Ho )

Pgmi

-0.1056

Adhi

0.0518

Pgi2

0.4285

Mean 0.1249
s.e.

+0.1814
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population. This is illustrated by the low genetic
distance and high genetic identity values given in Table
5.6. However, those areas with greatest geographic
distance between them did give the highest genetic
distance values (Fig. 5.2), and subpopulation No. 5, which
was the furthest away from the others, exhibited a higher
mean distance value (Table 5.6), indicating some
differences in this part of the population.

5.4. Discussion
In this population of Banksia spinulosa, there was
evidence of some genetic differentiation among the
designated subpopulations, and the population as a whole
apparently deviates somewhat from a single panmictic unit.
Although data for one locus (Pgmi) show little evidence of
population substructuring, significant deficits of
heterozygotes were observed at two of the three loci used.
The general prediction for predominantly outcrossing
species is that populations should retain a high degree of
genetic variability, and achieve extensive mixing of genes
(Hamrick et al. 1979, Gottlieb 1981). However, Brown
(1979) has noted that there is an apparent 'paradox'
between inbreeders and outcrossing species in their levels
of heterozygosity, with outcrossing species often
exhibiting heterozygote deficiencies, as was found in this
population of B. spinulosa. Although a deficiency of
heterozygotes has commonly been cited as evidence for
inbreeding (as distinct from self-fertilization) in plant
populations (see Linhart et al. 1981) there are many other

Table 5.6.

Nei's (1978) unbiased

diagonal) and

genetic distance (above

identities (below diagonal)

among the five

designated subpopulations. Mean distance between any one
subpopulation and all others is given below.

Subpopn.

1

2

3

4

5

1
2

0.992

0.008
-

0.004
0.000

0.000
0.000

0.055
0.033

3

0.996

1.000

-

0.000

0.008

4

1.000

1.000

1.000

-

0.039

5

0.947

0.968

0.992

0.962

12 3 4 5
Mean Dist.

0.017

0.010

0.003

0.009

0.038
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reasons for such patterns, including differential
fertility among genotypes (see Muller-Stark et al. 1983),
and the Wahlund effect (whereby individuals from more than
one breeding unit are sampled as if they were a single
population). If deviations were primarily a consequence
of the mating system, such an influence would be expected
to be consistent across loci (Soltis & Soltis 1988), which
is clearly not the case here. For Adhi it is likely that
the presence of a null allele (see Chapter 4) contributed
greatly to the observed heterozygote deficit. At this
locus, there was no evidence of heterogeneity of gene
frequencies, and thus little likelihood of a Wahlund
effect. However, further analysis of the potential null
allele at this locus will be required before this can be
verified. Although Pgi2 also showed a marked deficit of
heterozygotes, it is difficult to ascertain the reason(s)
for this here, since no rigorous genetic analysis has yet
been undertaken, and Mendelian genetics are unknown.
However, this locus did show some heterogeneity of allelic
frequencies and highly significant FST values, indicating
a possible component of the Wahlund effect. In support of
this, examination of the percentage of heterozygote
deficiencies which could be attributed to the Wahlund
effect revealed that for Pgi2, nearly 50% of the observed
heterozygote deficits could be accounted for by variations
in allelic frequencies among the subpopulations. As
pointed out by Wendel & Parks (1985) and Slatkin (1985),
selection and/or mutation will give rise to differences in
the heterogeneity of genes at different loci, and it is
not necessary for loci to behave similarly to invoke a
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Wahlund effect. Finally, the patterns observed at this
locus may have arisen through selection against
heterozygotes at some stage of the life cycle (Allard et
al. 1977). Conclusive evidence of this effect requires
analysis of both parental and progeny genotypes,
preferably from controlled breeding experiments.

Since there have been no other published studies on
spatial genetic variability in species of Proteaceae, it
is not possible to determine whether the patterns observed
for a single population of B. spinulosa are typical for
other populations or species in the family. However, these
results can be compared to other long-lived perennial
plants which are typically outcrossing. Loveless &, Hamrick
(1984) provided a recent review of microgeographical
differentiation among species of differing life histories,
and concluded, from the few studies conducted, that the
prime determinant of genetic structure is the breeding
system. However, studies on population substructure in
plant populations are typified by variability in results,
with populations of some species exhibiting no apparent
genotypic structure, while others show evidence of
significant differentiation (see Table 5.7). Recent work
has shown that population genetic structure may vary among
closely related species (Layton & Ganders 1984, Van Dijk
et al. 1988), between those with similar breeding systems,
and even among different populations of the same species
(e.g. Soltis & Soltis 1988). Substructuring in populations
of outcrossing species is particularly common in annuals
and conifers (Table 5.7), and is often attributed to
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Table 5.7. Comparisons of population genetic structure for
outcrossing species

through the use

of isozyme analysis.

Methods used for analysis include; F-statisticsa, spatial
autocorrelation11 , chi-square analysis0 , genetic similarity
or diversity measures*1 . In some instances more than one
measure was used, but
no

apparent

only the most detailed is cited. N:

genotypic

structure,

Y:

evidence

of

substucturing, N/Y: variable for different populations.

Species

Annuals
Liatris cylindraceae
Ipomoea purpurea
Impatiens capensis
I. pallida
I. capensis

Evidence of Structure

Source

Schaal 1975a

Y
Y
N/Y
Y
Y

Epperson
Knight &
Schoen &
Schoen &

N
Y

Ennos 1985d
Silander 1984a

N
Y
N/Y

Waser 1987b
Bos et al. 1986a
Van Dijk et al. 1988a

N

Soltis & Soltis 1987a

N/Y

Soltis & Soltis 1988a

N

Dewey & Heywood 1988b

Y
Y
Y
N
N

Wendel & Parks 1985a
Mitton et al. 1977c
Linhart et al. 1981a
Yeh & Layton 1979d
Epperson & Allard
1989b
Guries & Ledig 1982a
Furnier et al. 1987d
Neale & Adams 1985c
Cuguen et al. 1988a

& Clegg 1986b
Waller 1987a
Latta 1989b
Latta 1989b

Perennials
(grasses)
Cynosurus cristatus
Spartina patens
(herbaceous)
Delphinium nelsonii
Plantago lanceolata
P. lanceolata
(ferns)
Polystichum muni turn
Blechnum spleant
(trees)
Psychotria nervosa
Camellia Japonica
Pinus ponderosa
P. ponderosa
P. contorta
P. contorta
P. rigida
P. albicaulis
Abies balsamea
Fagus sylvatica

N
Y
N
Y
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restricted, or patchy gene flow. It should be noted,
however, that even though many populations of outcrossing
species show evidence of structuring and differentiation,
it is to a much lesser degree than for selfing species
(see Table 3 in Loveless & Hamrick 1984). This population
of B. spinulosa appears to follow that trend, in that
although deviations from panmixia are evident from the Fstatistics presented here, these deviations are small in
comparison to other species studied.

Gene flow plays a major role in shaping the spatial
distribution of genes in a population. In plant
populations, gene flow is mediated through both pollen and
seed dispersal, and a prevailing view is that gene flow is
quite restricted (Levin 1981, Hamrick 1982). This has been
brought about mainly as a result of studies on pollen
and/or seed dispersal. Dispersal distances usually follow
a leptokurtotic distribution, with most dispersal
occurring within a few metres of the parent plant (e.g.
Bos et al. 1986). Thus, individuals generally mate with
neighbouring ones, generating small neighbourhood sizes
(e.g. Cahalan & Gliddon 1985, Levin 1981). One commonly
used measure of gene flow is given by the relationship FST
= l/(4Nm + 1) (Wright 1951, 1965). Nm in this case is the
amount of intra-population gene flow (i.e. the product of
effective population size and the rate of migration). This
measure is thought to be a good approximation for gene
flow where m is small, the main asssumption being that
alleles are neutral (Slatkin 1985; see also Slatkin &
Barton (1989) for an evaluation of methods used to
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estimate gene flow). However, very few studies have
addressed the assumptions of this measure, and most work
has been conducted on species with discrete generations,
where individuals are replaced at the end of a generation
by new individuals. Nevertheless, it is possible to gain a
rough estimate for species which have overlapping
generations (see for example, Larson et al. 1984, Waples
1987), and it appears that, at least for estimates of
effective population numbers, overlapping generations make
little difference to the calculation of Ne (Hill 1972,
1979, Crow & Denniston 1988). From the measure of Nm, an
approximation for neighbourhood size Nb = 2 Nm (where Nb
is the number of individuals which can interbreed) can
also be obtained (Slatkin & Barton 1989). Values greater
than one imply relatively extensive gene flow, and a
limited capacity for genetic differentiation within a
population. When applied to the population of B.
spinulosa, a value of approximately 9.75 for Nm, and a
neighbourhood size of 61 individuals is obtained. This
indicates that the movement of genes occurs over a fairly
wide area in this population, despite the finding of some
differentiation in the population.

Most species for which estimates of gene flow are
available are wind- or insect-pollinated. B. spinulosa is
pollinated primarily by birds and small mammals, which are
relatively mobile. Observations on pollinator behaviour
indicate that both short and long distance movements by
pollinators are quite common, and that pollen dispersal
regimes are likely to show considerable variation (Chapter
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3). Furthermore, although seed dispersal has not been
examined in this study, results from two other Banksia
species (B. grandis, a tall understorey tree; Abbott 1985,
and B. ericifolia; R. Whelan pers. com.) indicate that
this component of gene flow is likely to be quite limited.
Thus, in accord with many other plant species, gene flow
might be more restricted than it appears. However,
patterns of pollen receipt will not necessarily reflect
actual matings between individuals, and in this population
levels of outcrossing are extremely high (Chapter 4,
Carthew et al. 1988). The genotypic composition of seeds
produced may be influenced by selective processes, perhaps
through inhibition of selfed and inbred progeny in some
way similar to the concept of 'optimal outcrossing'
distances observed for some species (e.g. Waser & Price
1983, 1989, Levin 1984). Moreover, it should be remembered
that actual gene flow is determined by reproductively
mature plants (Goldenberg 1987). For this population of B.
spinulosa, it is impossible to know what other selective
processes may have occurred prior to and during the
establishment of the existing population, since these
plants are long-lived shrubs, and are able to resprout
after fire. It is possible, however, to determine the
extent to which selective processes might be operating
prior to the germination and establishment of adult
plants, by investigating the fate of pollen from
controlled breeding experiments. The next chapter
investigates the genetic composition of seed produced
following experimental hand pollinations, and provides an
examination of possible selective processes which occur
during mating events.
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Chapter 6.

Mate Choice in Banksia spinulosa.

6.1. Introduction
The relative contributions of individual plants to the
paternity of seeds is likely to be a product of a series of
complex processes, involving factors from both the pollen
and the maternal plant. However, it is only recently that
the complexity of these processes has been considered in
any detail (Willson & Burley 1983). Although an increasing
number of attempts have been made to elucidate some of the
underlying mechanisms, factors influencing patterns of gene
exchange and fruit set are not yet fully understood. In
many plant populations, pollen is received from a variety
of sources, either simultaneously, or sequentially, and
often the amount of pollen deposited on stigmas far exceeds
the number of available ovules (Stephenson & Bertin 1983,
Snow 1986). Moreover, in plants for which seed production
is constrained primarily by resources, only a relatively
small proportion of pollen grains deposited actually
contribute genes to the seed bank. These circumstances
provide the potential for some kind of discriminating
process, or 'mate selection', within plants, through
competition between different pollen types, and/or maternal
control over the paternity of resulting offspring
(Stephenson & Bertin 1983, Willson & Burley 1983). Both of
these processes will give rise to the non-random production
of fruit and/or seeds. Pollen competition can occur if some
pollen types show a consistent selective advantage over
others, through either an inhibitory effect (e.g. pollen
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allelopathy; Kanchan & Jayachandra 1980, Thomson et al.
1981), or differential rates of pollen germination or
pollen tube growth (e.g. Ottaviano et al. 1975, Sarr et al.
1983, Epperson & Clegg 1987, Snow & Mazer 1988). However,
in many cases, maternal control is also implicated (Sarr et
al. 1983, Stephenson et al. 1986, Mazer 1987), and it is
often difficult to distinguish between the two (e.g.
Marshall 1988).

Conventionally, maternal control has been considered in
terms of two separate components which arise through
different mechanisms; those events occurring prior to
fertilization (physiological self-incompatibility reactions
which cause the acceptance or rejection of pollen at the
stigma or on the style), and post-zygotic effects, which
result in the non-random abortion of developing seed or
fruit. Those taking place after fertilization have usually
been attributed to inbreeding effects (i.e. a reduction in
fitness as a result of matings between related
individuals), or the superiority of particular pollen types
(i.e. choice) while pre-zygotic events proceed via what is
thought to be a fairly precise, pre-programmed response
(whereby pollen of a similar genotype to the maternal plant
is rejected). However, it is becoming clear that such
distinctions between pre- and post-zygotic phenomena may
not be warranted (Stephenson & Bertin 1983, Seavey & Bawa
1986). Pre-fertilization inhibition of pollen based on
amount rather than paternity (i.e. a threshold effect) has
recently been demonstrated (Ganeshaiah et al. 1986), and it
is now recognised that self-incompatibility is not
necessarily a simple, precise pre-zygotic response (Mulcahy
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& Mulcahy 1983, Seavey & Bawa 1986). For example, some
species preferentially outcross, but are capable of selffertilization in the absence of sufficient cross-pollen
(Griffin et al. 1987, Bowman 1987). In other species,
individuals in a population show variability in the degree
to which they can self-fertilize (Crowe 1971, Kendrick &
Knox 1985). Moreover, it has now been shown that selfincompatibility may also occur post-zygotically (e.g. Crowe
1971). Recent evidence has therefore suggested that the
effects of incompatibility and inbreeding are not clearly
distinguishable (Seavey & Bawa 1986). Genetically related
individuals in a population may share incompatibility
alleles (Sobrevilla 1988, Levin 1989), or alternatively,
species which are apparently self-infertile may be thought
of as possessing an excess of deleterious recessive alleles
(Mulcahy &. Mulcahy 1983).

From the above discussion, it is clear that one or more of
many factors may contribute to the determination of
paternity, and that these are at present poorly understood.
The value of many of the studies which have investigated
seed and/or fruit abortion is diminished by the fact that
the paternity of any successful seeds has not been
determined. Furthermore, very few studies using genetic
markers have been conducted on natural populations (but see
Marshall & Ellstrand 1986, 1988, Griffin et al. 1987).

Members of the genus Banksia present a good opportunity to
investigate the concept of mate choice, because several of
their characteristics suggest that this may be an important
factor in determining patterns of fruit set in the genus.
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Many more flowers are presented than could possibly set
fruit (due to space constraints), and levels of seed set
are typically even lower than this (Chapter 2, Whelan &
Goldingay 1986, Collins & Rebelo 1987, Copland & Whelan
1989), although plants appear to receive frequent visits by
pollinators (Chapter 3). In Banksia spinulosa, at least,
there appear to be discrepancies between the types of
pollen transferred to flowers and the composition of
resulting seeds. Pollinator behaviour suggests that much of
the pollen transferred to stigmas would be self-pollen
(Chapters 3), while the seed actually produced is is
apparently largely a result of outcrossing (Chapter 4).

In order to gain a greater understanding of patterns of
mating in Banksia, it is necessary to investigate the
breeding system in some detail, and determine whether
plants can discriminate between different pollen types. In
this chapter, I investigate these aspects of the mating
system in a population of Banksia spinulosa, by assessing
the capacity of plants to produce pollen tubes and set seed
from self-pollinations. I also aim to investigate the
effects of mixtures of self and cross pollen on the quality
and quantity of seed set. Experiments described in this
chapter also provide an opportunity to test some of the
assumptions of the mixed-mating model (e.g Mendelian
inheritance) which were discussed in Chapter 4.

6.2. Methods
6.2.1. Experimental Design
In order to compare the types of pollen arriving at stigmas
with the genetic makeup of the progeny produced, controlled
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pollinations involving the application of self-pollen,
cross-pollen and 1:1 mixtures of the two were carried out
during the flowering seasons in 1987 and 1988. In 1987,
pollinations were carried out between the 31st August and
5th October, while in 1988 these were done earlier in the
season, between the 27th May and 21st July. The earlier
date was used in the second year to minimize the
possibility that those inflorescences pollinated earlier in
the season could have utilized all the available resources.
In each year, plants were selected from a group of more
than 300 plants in the population which had been genotyped
for three enzyme loci (see Chapters 4 and 5 for details on
allozyme analysis and frequencies of alleles in the
population). Experimental plants were selected as pollen
donors or recipients based on their allozyme genotype, and
the availability of inflorescences at the time of each
experiment. Known genotypes were used to verify the
identity of seed from cross and self treatments, assess the
mode of inheritance, and also to follow the fate of mixed
pollinations by genotyping any resulting seed. Although for
cross- and mix-pollinations it would have been desirable to
choose plants which were homozygous for alternative alleles
(thus making it easier to ascertain the relative
contributions of each pollen type), this was not possible
in most cases, due to the skewed allelic frequencies and
hence small numbers of rare homozygotes genotypes in the
population for the loci used.

In 1987, 25 plants were selected for use as recipients,
with inflorescences on each randomly assigned to one of
five treatments. These were;
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i)

autogamy

(mechanical

self-pollination),

in

which

inflorescences were bagged and subsequently left untouched,
ii) geitonogamy (self-pollination), with inflorescences
being pollinated using pollen from a different
inflorescence on the same plant,
iii) xenogamy (cross-pollination), in which pollen donors
were from a single alternative source of known genotype
(only one pollen source was used to facilitate
investigation of Mendelian inheritance)
iv) mixed pollinations, using a ratio of 1:1 self- and
cross- pollen, with pollen for crosses usually being the
same as for the xenogamy treatment, and
v) open pollination, in which inflorescences were left
exposed to normal pollination.

Since some plants had fewer than five inflorescences, the
number of inflorescences used was not the same for all
treatments. All inflorescences excepting those exposed to
open pollination were bagged prior to the commencement of
flowering, using a fine fibreglass mesh (2 x 2 mm holes),
with a wire mesh cage (15mm diameter) placed inside to
deter small mammals which may otherwise break into bags
(Whelan & Goldingay 1986). Inflorescences which showed
visible evidence of insect attack during flowering were
discarded, and new ones selected where possible.

Pollen was first removed from all open flowers between one
and two days prior to pollination to expose stigmas for
later pollination. For mixtures and crosses, a single
alternative pollen donor was normally used, although a lack
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of pollen sometimes meant that a second pollen source was
necessary. Self- and cross-pollinations were conducted by
removing pollen by hand from newly opened flowers on
donors, and applying it systematically to all open flowers
on inflorescences to be pollinated. Self pollen was usually
taken from a different treatment inflorescence on the same
plant (i.e. cross or mixture), being careful not to disturb
any flowers previously pollinated. Pollinations involving
mixtures of two pollen types proceeded using a slightly
different approach. Using forceps, equal numbers of pollen
bundles were removed from newly opened flowers of each
pollen donor, and these were placed in 'cones' made of
filter paper. The pollen was then mixed thoroughly using
the forceps, and applied to stigmas by hand, as for other
treatments. To avoid cross-contamination, forceps were
cleaned between pollinations, using water and filter paper,
and separate filter-paper cones were used to mix pollen for
each pollination.

Inflorescences were pollinated four to five times during
flowering on average, although this varied between one and
eight times, depending on the availability of pollen, and
the rate at which flowers opened. Rain also influenced the
timing of pollinations, since during periods of rain,
pollinations could not be performed effectively, as pollen
was difficult to collect and apply. Despite this
variability, all flowers on each inflorescence had copious
pollen applied, and should have had an equal chance of
producing seed.

In 1988, several modifications were made to the
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experimental design described above. Inflorescences were
randomly allocated to one of only three treatments, that
is; self-pollination, cross-pollination and mixed
pollinations using self- and cross-pollen. A total of 32
plants with 73 inflorescences were initially selected,
using inflorescences which flowered at approximately the
same time. Those remaining on plants were removed prior to
the commencement of flowering. This design was used to
increase the chances of fruit production, since there has
been some suggestion that available resources limit the
number of Banksia inflorescences that set fruit (e.g.
Wallace & O'Dowd 1989). Some plants selected had only one
or two inflorescences, and in those, only mixtures and/or
crosses were performed. Pollinations were carried out less
often than in 1987. Inflorescences were pollinated an
average of three times during flowering, ensuring that
pollen was applied to each flower on an inflorescence at
least once. Inflorescences remained bagged and
unmanipulated until approximately one third of all flowers
had opened. This was done to minimize the number of times
inflorescences were manipulated. In Banksia spinulosa, the
stigmatic groove is thought to open and close when a
stimulus is applied (B. Walker pers. comm.). The regular
removal of bags would therefore increase the likelihood of
inadvertantly touching receptive stigmatic surfaces,
causing them to close up and render flowers unavailable for
pollination.

6.2.2. Collection of Data
In 1988, pollen tube growth was assessed in samples of
hand-pollinated flowers. This was done to verify the
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effectiveness of hand pollinations, to enable comparison of
pollen tube growth with that of open-pollinated flowers
(Chapter 2), and also to investigate the pre-zygotic
potential for seed set in each treatment. Flowers from
between 15 and 17 inflorescences were sampled from each of
the three treatments. Approximately ten styles from each
inflorescence were collected three weeks after the first
pollination. This was done to ensure that pollen tubes had
adequate time to grow down the length of the styles and
fertilize the ovules, so any of those that were
successfully pollinated would still have the capacity to
produce seed. Styles were fixed and prepared in the same
manner as those reported in Chapter 2. To avoid possible
biases in estimating numbers of pollen tubes, a blind trial
was used to score pollen tubes. An opaque sticky label was
placed over the code on each vial, and a new number was
allocated randomly. After all flowers had been scored for a
given session, the label was removed to identify each
sample.

To determine the capacity of plants to be pollinated and
produce pollen tubes without the aid of pollen vectors
(i.e. via autogamy or mechanical self-pollination), an
additional group of 13 inflorescences was bagged prior to
the opening of flowers in 1988. These inflorescences were
left unmanipulated for approximately one week, and then
styles were collected as above, and also examined for
pollen tube growth. Seed production was not measured in
this group of inflorescences.

For all other manipulated styles collected, data analyses
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were as follows; the proportion of flowers containing
pollen tubes were compared for each treatment using
Generalized Linear Models (GLM; McCullagh & Nelder 1983)
with the statistical package GLIM. This analysis was used
in preference to contingency table analysis, as it takes
into account the effects of different plants under the same
treatment. Generalized Linear Models allow linear model
techniques to be applied to data which do not satisfy the
assumptions of standard linear models (such as regression
or ANOVA). In this study, the number of flowers
successfully pollinated followed a Binomial distribution,
rather than a Normal distribution (in which variance is
constant over all observations), and the variance of
observations were a function of the true proportion of
pollinated flowers. Secondly, for each treatment I compared
the number of pollen tubes contained within each pollinated
flower, to determine whether any treatment resulted in
greater numbers of pollen tubes per flower. Kruskal-Wallis
One-way Analysis of Variance was used here, to compare all
flowers from each treatment.

Approximately six months after pollinations had been
completed, numbers of barren inflorescences and
infructescences were scored for all treatments. All
inflorescences were dissected to look for evidence of
insect damage. When infructescences had matured, they were
removed from plants, and seeds were collected and counted.
Because sample sizes were small, inflorescences receiving
one treatment were pooled, and differences in the
proportions of fertile infructescences between treatments
were analysed using a G-test. Those barren inflorescences
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which had been damaged by insects were excluded from the
analysis, since they were judged to be incapable of
producing seed (see Vaugton 1988).

6.2.3. Electrophoresis
All seeds collected from infructescences were genotyped
using gel electrophoresis. Seeds were dissected out of
infructescences and placed onto moist paper for three to
four days prior to assaying. Imbibed seeds, with seed coats
removed, were ground in the borate buffer used for pollen
samples (Chapter 4), since this gave clearer results. Crude
seed extracts were prepared for electrophoresis using the
methods outlined in Chapters 4 and 5, and stained for five
enzyme systems. Five polymorphic enzymes could be
consistently resolved, and were used for electrophoretic
analysis. The loci used were; Phosphoglucomutase (Pgmi),
Alcohol dehydrogenase (Adhi), Malate dehydrogenase (Mdhs),
and two loci of Glucose-6-phosphate isomerase (Pgii and
Pgi2). Although samples were also stained for Superoxide
dismutase (Sodi), this locus was not variable for any
plants assayed, and was excluded from the analysis. Buffer
systems used are described in Appendix 4.1. Three of the
polymorphic loci (Pgmi, Pgi2 and Adhi) corresponded to
those loci resolved for pollen, enabling direct comparisons
of maternal-plant genotypes with those of the progeny. For
Mdhs and Pgii , it was possible to infer the maternal
genotype from the genotypes displayed in progeny arrays,
and determine the genotype of the pollen donor in most
instances.
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6.3. Results
6.3.1. Pollen Tube Growth
Pollen tubes collected from flowers pollinated in 1988 were
observed for all treatments in which pollen was supplied,
with approximately 50% of flowers showing evidence of the
successful transfer of pollen in each case (Table 6.1).
Pollen tubes observed from each treatment did not differ in
appearance, and at least for the length they were observed
(pollen tubes were difficult to observe further than 10mm
down the style; Chapter 2), there was no evidence of their
termination (Fig. 6.1). Furthermore, there were no
significant differences between treatments in the
proportion of flowers containing pollen tubes (Table 6.1).
This analysis comprised two slightly different GLM's (see
Methods). The first looked at all 48 inflorescences
examined, and simply compared the effects of the three
treatments (i.e. self-, cross-, and mixed pollinations).
Differences between the effects of each pollination type
were not significant at the 5% level. A second analysis was
performed on the 42 inflorescences from plants which had
received more than one treatment. For this, any 'effects'
due to differences between plants were controlled for,
since these may have been masking differences between
treatments. Although differences between treatments were
slightly more pronounced in this analysis, again they were
not significant at the 5% level.

To compare the numbers of pollen tubes in each successfully
pollinated flower for the different treatments (Table 6.1),
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Table

6.1.

pollinated
mixtures

Pollen
in

of

tube

1988
self

growth in

with
and cross

self-,

B.

spinulosa

cross-pollen

pollen.

Each

styles
and

1:1

inflorescence

sampled was on a different plant. No. flowers is the numbar
of flowers collected
GLM (see text),

b

for each treatment.

a

analysed using

analysed using Kruskal Wallis test.

Treatment
self

No. inflorescences

cross

mixture

15

16

17

47.4
154

57.5

50.9

tubes/style

2.920

3.109

3.402

+ s.e.

0.228

0.263

0.315

Range

1-9

1-12

1-15

% flowers with
pollen tubes
No. flowers

160

>0.10a

171

Mean no.
>0.10b

liilptwiff

Prx n
nsm 5

ni

Figure 6.1. Pollen tube
flowers, a) germinated

growth observed in hand-pollinate
pollen grains and

tubes, b) polle

tubes further down the style, in the transmission tissue.
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again two analyses were carried out. Kruskal-Wallis One-Way
Analysis of Variance was used to compare the total samples
of numbers of pollen tubes per flower for all flowers from
each treatment. The differences between treatment effects
were not significant at the 5% level, indicating that
flowers had similar numbers of pollen tubes. Separate
Kruskal-Wallis tests were then done for each of those
plants which received more than one type of pollination, so
that possible differences between plants could not mask the
differences between treatments (as above). For only one of
these plants was the difference significant at the 5%
level, and this was only just significant. Since a moderate
number of tests were carried out, this may just be the one
in twenty which we would expect to incorrectly reject Ho
when using a 5% level of significance.

In contrast to the above, autogamy treatments showed
essentially no evidence of pollen tube growth. Of the 244
flowers examined, only one flower had any evidence of the
successful germination of pollen grains, and this flower
contained a single pollen tube. For this particular
inflorescence (and only this one), it was noticed that ants
had gained access to flowers despite the covering bag, and
little pollen remained on the flowers.

Fungal growth was detected in some flowers of most
inflorescences examined for pollen tube growth. Although
this was most often found in flowers with no pollen tubes,
some fungal growth was evident in those flowers
successfully pollinated. This was most obvious for self-
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pollinated inflorescences, with almost half of the flowers
being infected, compared with an average of 28% for the
cross- and mixed-pollinations, and 24% for open-pollinated
flowers (Chapter 2).

6.3.2. Seed Set
Experimental hand pollinations failed to produce seed in
any of the treatments during 1987. Of those left
unmanipulated (open-pollination), 4 out of 11
inflorescences (36%) produced seeds. This does not include
those affected by insect damage, since they were considered
incapable of producing seed regardless of pollination.
Evidence of attack by insects was common in the barren
inflorescences, with on average, 42% of barren
inflorescences showing evidence of damage (Table 6.2).

In 1988, seeds were produced from all treatments, although
overall seed production was low. Approximately 88% of
inflorescences were barren, and of these, a third suffered
from insect predation and were thought incapable of
producing seed. Of the remainder, only 1 out of 12 (7.7%)
produced seed from selfing, compared with 19% from crossing
and 31% from mixed pollinations (Table 6.3). Although seed
set from selfing was lower than either crosses or mixed
pollinations, sample sizes were small, and no significant
difference was detected (G = 1.61, P <0.50). In addition,
many of the inflorescences which did produce seed were
subsequently ripped apart by cockatoos. Although some seeds
were salvaged and able to be genotyped, many were lost, and
a comparison of total seed numbers for each treatment was
not possible.
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Table

6.2.

Number

follicles in the
Each plant

No. attacked refers
insect damage.

No. treated

inflorescences

which

five pollination treatments

had only

Inflorescences

of

one inflorescence of
which

developed

during 1987.

each treatment.

to

those

showed evidence

Autogamy

Self

16

18

17

21

19

38.9

23.5

14.3

42.1

Cross

Mixture

of

Open

No. attacked 5 7 4 3 8
%

31.3

No. with follicles 0 0 0 0 4
%
0

0

0

0

36.3
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Table

6.3.

Number

of

follicles in the three
Inflorescences attacked
statistical analysis.

inflorescences

which

developed

pollination treatments during 1988.
by

insects were

Differences between

not included

treatments were

not statistically different (G = 1.61, P <0.50).

Inflorescences

Self

Cross
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No. treated

21

28

27

No. of plants

21

27

26

8
38.1

9
32.1

6
22.2

No. attacked
%

No. with follicles
%

1
7.7

3
18.8

in

5
31.3
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6.3.3. Electrophoretic Data
All seeds obtained from the three treatments were assayed
using electorphoresis. From the selfing treatment, seed was
available from only one plant. For this individual, the
alleles observed in the progeny corresponded to that of the
maternal plant for all loci (Table 6.4). This verified
that seeds were the result of selfing, and indicated that
there was no contamination by other (cross) pollen during
pollinations. Because this plant was heterozygous at three
of the loci scored (Pgmi, Adhi and Mdhs), it was possible
to compare the ratios of genotypes obtained with that of
expected Mendelian ratios. All three loci showed some
deviations from the expected segregation ratios, although
the small sample sizes precluded statistical testing (Table
6.4). These deviations were similar across loci; in all
cases only one allele was observed in the homozygous state,
and this was always the allele most commonly found in the
population of maternal plants (see Chapter 5). For Mdhs
there were more homozygous seeds than was expected, and for
Pgmi and Adhi, there were equal numbers of heterozygous and
homozygous seeds.

For cross-pollinations, seeds were available from only two
of the inflorescences that produced seed, with one of these
being the same plant which produced seed from selfing. For
both plants, the alleles observed in the progeny agreed
with the alleles of the pollen types used, indicating that
successful pollination resulted from the cross pollen
deposited by hand on flowers. Plant 1 showed apparent
deviations from normal Mendelian segregation, which were
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Numbers

produced

by A.

Expected
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of
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seeds

of
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genotype

self-pollination and B. cross-pollination.
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genotypes

and
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regular Mendelian inheritance) in brackets. M - genotype of
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values for

D -

Plant
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2

genotype of cross-pollen
denoted by
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different letters
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showed
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chi-
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M

Progeny Genotype
AA

AB

AC
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BC

CC

A. Self po llination
PI. 1
7(8)

0(4)

9(4)

Pgmi

AC

Adhi

BC

9(4)

7(8)

0(4)

Mdhs

BC

13(4)

3(8)

0(4)

Pgii

BB

16(16)

Pgi2

BB

4(2)

4(2)

16(16)

B. Cross pollination
PI. 1
0(2)

0(2)

Pgmi

AC

BC

Adhi

BC

BB

5(3.5) 2(3.5)

Mdhs

BC

BB

7(4)

Pgii

BB

BB

8(8)

Pgi2

BB

AB

Pgmi

BB

AB

Adhi

BB

BB

Mdhi

BB

BC

Pgii

BB

AB

Pgi2

DD

BD

2(4)

1(4)

6(4)

PI. 2
a
20(ll)
2(ll)b
2

22(22)
10(11.5) a 13(11.5) a
2(11.5) a
2(

21(11.5) b
ll(ll) a ll(ll) a
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similar to those observed in the selfing treatment (Table
6.4), although again these could not be tested due to the
small number of progeny assayed. For the other plant (Plant
2), significant deviations from expected ratios of
genotypes were found for two loci out of four loci (Pgmi X2 = 14.73, P <0.001; Pgii - X2 = 15.7, P <0.001; Pgi2 - X2
= 0, P <0.999; Mdhs - X2 = 0.39, P <0.75),

From the mixed pollinations, the genetic composition of the
progeny from all plants reflected more closely the pattern
expected from the application of cross-pollen alone (Table
6.5). Furthermore, when all loci were considered together,
over 90% of seeds genotyped could be positively identified
as detectable outcrosses. It therefore seemed that the self
pollen applied made little contribution to the resulting
seed. Theoretically, if the mixtures of self- and crosspollen applied to each inflorescence were evenly dispersed
over the flowers pollinated, half the seeds produced from
each inflorescence should contain only alleles from the
parent plant, while the remainder should clearly be the
result of cross-pollination. However, the ratios of
genotypes obtained from the four plants assayed did not
agree with that expected under equal amounts of selfing and
outcrossing (Table 6.5). Chi-square tests conducted on the
only plant for which adequate numbers of seeds were assayed
revealed significant differences at all loci (Pgmi - X2 =
31.25, P<0.005; Adhi - X2 = 8.34, P <0.05; Pgii - X2 =
30.65, P < 0 001; Pgi2 - X2 = 21.76, P <0.001).
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AC BB

Adhi

BB BB

10(10)

Mdhs
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?
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3

<3)

2
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6.4. Discussion
6.4.1. Breeding System
Results from this study suggest that plants are capable of
some self-fertilization, since seed was produced from all
treatments (except autogamy). Despite this finding, mixed
pollinations resulted in seeds derived almost exclusively
from the cross-pollen component of the mixtures. This
indicates that plants are able to exert some form of choice
over the paternity of seeds, and preferentially produce
outcrossed seed. At this stage, the mechanism by which B.
spinulosa is able to filter out self-pollinations is
unknown. There appeared to be no inhibition of self pollen
tubes in the style, and there was no difference in the
ability of self-, cross-pollen or mixtures to produce
pollen tubes. Thus at an early, pre-zygotic stage, all
treatments had equal potential for seed set. Similar
results have been obtained for four species of Banksia
found in Western Australia (Lewis & Bell 1981), in which
both self- and cross-pollen grains germinated and grew at
least a short distance down the style. In contrast,
Macadamia is known to be self-incompatible, with pollen
tube arrest occurring in the upper portion of the style
(Sedgley et al. 1985). The results obtained in this study
do not exclude the existence of a later-acting selfincompatibility mechanism, which might cause the
termination of most self pollen tubes further down the
style, or result in post-zygotic abortion for the majority
of embryos (Seavey & Bawa 1986). In this study, only one
plant produced seed from selfing, and it may be that plants
have a limited capacity for the production of selfed seed,
with individuals exhibiting some variability in the degree
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to which they can self (e.g. Kendrick & Knox 1985).

6.4.2. Limits to Seed Production
In some species which exhibit self-incompatibility, the
receipt of self-pollen by individuals results in the
'clogging' of either the stigma or style, thus precluding
the successful fertilization of any subsequent compatible
pollen deposited (e.g. Ockendon &, Currah 1977, Shore &
Barrett 1984). This has been suggested as one possible
mechanism for reduced seed set in outcrossing species
(Charlesworth 1989). In the present experiment, the
application of mixtures of self- and cross-pollen did not
show any evidence of such an effect. Rather than self
pollen having an inhibitory effect, seed set was actually
greater in mixed pollination treatments, being nearly
double that of cross pollinations. This increase may simply
reflect differences in the technique used to apply mixtures
of pollen (see Methods). It is possible that the mixed
pollinations received greater pollen loads, creating a
pollen population effect, as has been documented for some
other plants (e.g. Ter-Avanesian 1978, Schemske & Fenster
1983, Cruzan 1986, Ganeshaiah et al. 1986). Another related
possibility has to do with competitive interactions between
pollen genotypes on the receipt of mixed pollen loads.
There has been some suggestion that fruit are selectively
matured, based on the degree of pollen competition, and
that those flowers having the greatest competition between
gametes should be favoured (Lee & Bazzaz 1982, Lee 1984).
Although the concept of selective fruit maturation has
received a great deal of attention in the literature (e.g.
Bookman 1984, Winsor et al. 1987), and has been suggested
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as a potential mechanism for limiting fruit set in Banksia
(Ayre & Whelan 1989), detailed investigations have not yet
been conducted in this genus. Results from these
experiments indicate a large potential for competition
between different pollen types within flowers, and
competition among flowers receiving different pollinations.
In the controlled pollinations conducted, and in open
pollinated flowers (Chapter 2), many more flowers were
pollinated and grew pollen tubes than actually set seed.
Furthermore, although actual pollen loads in the field are
unknown, flowers usually contained more pollen tubes than
the number of ovules present (two in this genus).
Confounding this interpretation somewhat, is the
observation that those inflorescences which set seed in the
present study did not have a greater proportion of flowers
with pollen tubes than barren inflorescences, nor did they
appear to have more pollen tubes per successful flower than
others. This indicates that the situation may be quite
complex, and is probably influenced by both pollen and
maternal genotypes. To investigate these ideas further, it
would be interesting to compare the growth rates of pollen
tubes under varying levels of competition, and attempt
pollinations using mixtures of pollen grains from various
known sources, in a manner similar to that employed by
Marshall & Ellstrand (1986).

The complete failure of controlled pollinations to set any
seed in 1987 may have been a consequence of the time at
which they were conducted. Since experiments were not
initiated until the latter part of the flowering season,
resources may have been already committed, precluding
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further maturation of most infructescences (e.g. Copland &
Whelan 1989). However, some of the open-pollinated
inflorescences did produce seed, suggesting that hand
pollinations may have been relatively ineffective. The 1988
experiments were therefore modified slightly, being done
earlier in the season, and by using fewer treatments per
plant and manipulating flowers less often (see Methods).
There has also been some suggestion that plants may be able
to shunt resources between flowers or inflorescences, so
that only those inflorescences receiving the highest
quality pollen are successful (Paton & Turner 1985,
Zimmerman & Pyke 1988). Open-pollinated inflorescences in
this population are likely to have received pollen from a
variety of different sources (Chapter 3). If more intense
competition between flowers occurred as a result (see
above), this may mean that open-pollinated inflorescences
produced superior offspring because of the greater choice
available, and were therefore favoured. Further support for
this idea is provided by 1988 experimental pollinations,
where, with the exception of one plant, at most only one
infructescence was produced per plant. However, this does
not explain why, in that year, mixed pollinations were the
most successful in terms of seed set, producing nearly
double the seed set of cross-pollination.

6.4.3. Preferential Outcrossing
Genotypic data derived from these mixed pollinations
provide evidence of some form of screening process which
influences the paternity of seed in this population of B.
spinulosa. In most progeny successfully matured, pollen
genotypes corresponding to that of the cross pollen
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predominated, indicating that the production of selfed seed
was inhibited in this treatment. Results showing outcrossed
pollen to be selectively favoured over self-pollen in the
progeny of mixtures have also been documented for several
self-compatible tree species (e.g. Hamrick & Schnabel 1985,
Griffin et al. 1987). The suggestion from this is that
plants are able to exert some form of mate choice, and that
when both self and cross pollen are available, which is
probably the rule in natural pollinations, cross pollen is
more frequently successful in fertilization. However, it is
not known whether this occurs prior to (i.e. gametophytic
selection) or after fertilization (zygotic selection), and
the possible role of competition between different pollen
types (as distinct from maternal choice) should not be
overlooked (Levin 1975). Furthermore, if self-pollen simply
grows more slowly than cross pollen, it is possible that
pollen tubes reaching ovules first are the ones which are
successful. Nevertheless, genotypic data obtained in this
study do indicate the reason for the high levels of
outcrossing obtained for the population, and the reason for
the apparent discrepancy observed in patterns of pollen
transfer and the genetic composition of seed. These data
also shed some light on why levels of outcrossing vary over
space or time in some plant populations (e.g. Brown et al.
1975, Moran & Brown 1980). Clearly, if plants have the
capacity to choose which pollen types fertilize ovules,
temporal and individual variations in the genetic quality
of progeny produced are likely. However, if mixed pollen
loads are the normally deposited on flowers, and these
contain substantial amounts of cross-pollen, selection
against self pollen might ensure that outcrossing rates are
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always high.

If

B.

spinulosa

is

largely

self-incompatible,

it

possible that this is mediated via a recessive lethal
system, dependent on the haploid genotype of gametes,
whereby only certain genotypic combinations are deleterious
(Mulcahy & Mulcahy 1983, Williams et al. 1984). This form
of self-incompatibility has been likened to the effects of
inbreeding depression (Williams et al. 1984), and may
explain why individual plants of some plant species often
vary in their capacity to produce seed from selfing (e.g.
Crowe 1971). Electrophoretic data obtained here do suggest
the possibility of some kind of recessive lethal gene, or a
multiple lethal system, since certain genotypic
combinations were absent, or in very low frequencies for
both selfed and crossed progeny. This could be similar to
the single-locus expression between haploid gametes
observed in Rhododendron (Williams et al. 1984), since this
form of lethal system would still permit the low levels of
self seed set found in the present study. If these ideas
are extended further, it seems quite plausible that the
presence of lethal genotypic combinations, if common in a
population, would cause a high genetic load, such as for
the embryonic-lethals generally found in conifers (Cheliak
et al. 1984). If so, it would provide an explanation for
the low reproductive success generally observed in this and
other outcrossing species (Wiens 1984, Charlesworth 1989).
However, until it is possible to follow pollen tubes to the
ovaries, and determine the actual sites of either pollen
tube arrest or ovule abortion for Banksia, we will not be
able to determine the fate of unsuccessful pollinations in

is
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this species. Solving the technical difficulties of this
procedure would be a valuable direction for future
research.

6.4.4. Mendelian Inheritance
Two assumptions inherent in the mixed-mating model used for
estimation of outcrossing rates, are; (i) that alleles
segregate in strictly Mendelian ratios, and (ii) that there
is no selection between fertilization and the time of
assaying progeny (Hamrick & Schnabel 1985). In Chapters 4 &
5, tests of these and other assumptions were partly dealt
with, using genetic comparisons of maternal plants and
open-pollinated seed families. Results from these
comparisons indicated that, with the exception of Adhi
(which has a null allele), loci were inherited normally,
and no apparent selection was evident. Electrophoretic
evidence from controlled pollinations conducted here
provide a further opportunity to test these two
assumptions, and indicate that substantial violations may
occur.

These data indicate that simple Mendelian inheritance may
not be operating in this population. Particular genotypes
were often absent, or in very low frequencies in the
progeny, and this occurred at most loci. Deviations from
Mendelian segregation have been found in a number of plant
species (e.g. Neale & Adams 1981, Zamir & Tadmor 1986, Lee
& Ellstrand 1987), and have usually been attributed to
selection at one or more stages in a plants' life cycle.
For example, differential fertility among parental
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genotypes (e.g. Muller-Stark et al. 1983), or zygotic
selection may cause such deviations, and several studies
have noted consistent deficiencies in particular alleles
from the megagametophytes of heterozygous individuals in
conifers (e.g. Neale & Adams 1981, and references therein),
indicating an unequal viability of genetically different
gametes. In conjunction with the above, aberrant
segregation ratios can also result from linkage to a
deleterious allele, or an incompatibility locus (Ennos
1986). The present study has shown that the transmission of
genes in Banksia spinulosa is much more complex than a
simple extension of pollen deposition, and there appears to
be strong selection for particular combinations of
genotypes, possibly in association with some kind of lethal
system. It is quite likely that the selective processes
which inhibit self-pollination and determine levels of
outcrossing also cause the observed segregation patterns
(Mulcahy & Kaplan 1979), although more experimental work
will be required to unravel the precise mechanisms of
inheritance in this population.
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Chapter 7.

Concluding Discussion

This thesis is the first comprehensive study on the mating
system of Banksia and its ecological consequences using
ecological and genetical data. This work has contributed
to several hitherto unexplored aspects of reproduction in
the genus, and has provided some explanations for the
observed patterns of mating in B. spinulosa. The major
components of this study were i) examination of patterns
of flowering and fruit set, ii) studies on the pollinators
and their movements, iii) investigation of outcrossing
rates in open-pollinated seed, and iv) experiments on the
species breeding system. These various approaches were
integrated in a study of mating systems with the following
results.

Investigations of flowering patterns and pollinator
behaviour indicated that patterns of pollen dispersal in
the population were likely to be extremely variable.
Banksia flowers are arranged in such a way that both
pollen and receptive stigmas are often available on an
inflorescence simultaneously. When pollinators, and in
particular mammalian visitors, foraged at inflorescences,
they often moved all over them, and were likely to pick up
large amounts of pollen. At least some of this pollen
would be transferred to stigmas on the same inflorescence.
Mammalian pollinators also ranged over quite large
distances, often visiting many inflorescences and plants
during foraging bouts. Since pollen carryover by these
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animals is likely to be quite high, inflorescences should
receive pollen from many sources (including from the same
plant), even on a single visit. If seed production
accurately reflected these patterns of pollen receipt,
outcrossing rates should have exhibited considerable
spatial and temporal variability. Applications of selfpollen alone did produce some seed, indicating that plants
were not entirely self-incompatible, and genetic data
confirmed that this was not just a result of contamination
(c.f. Paton & Turner 1985). However, while open-pollinated
seeds did comprise many different genotypic combinations,
estimates of outcrossing were consistently high. Moreover,
breeding experiments showed that outcross pollen or seed
were preferentially selected, and particular genotypic
combinations were encountered more frequently than was
expected from genotypes of applied pollen and maternal
plant recipients, thus further indicating the action of
some sort of selection process. These findings have two
implications for mating system estimates. Firstly, they
illustrate that estimates of outcrossing are not a
particularly good indicator of the mating process in B.
spinulosa, and are useful only in describing the end
product. This has also been found for some other species
studied in detail (e.g. Pinus; Cheliak et al. 1984,
Eucalyptus; Griffin et al. 1987, Raphanus; Mazer 1987,
Delphinium; Waser et al. 1987) and may be widespread
amongst plant-pollinator systems. Secondly, these findings
cast some doubt on the usefulness of pollen flow data for
estimates of parameters such as gene flow and
neighbourhood size (see for example; Levin & Kerster 1974,
Schmitt 1980), since pollen dispersal patterns probably
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bear little relation to actual gene exchange and gene
flow. Nevertheless, it is still important to examine the
pollinators and their foraging behaviour, since the way in
which they disperse pollen is a key indicator of potential
variability in the mating system over space and time.

The dichotomy observed between apparent pollen deposition
and actual gene exchange indicates that the process of
mating in B. spinulosa is quite complex, and that some
screening, or selection process must operate at more than
one level in this system. Although the precise mechanism
by which this selection operates in Banksia is not yet
known, results from this study have made it possible to
predict the possible pathway(s) through which this
selection might occur. It is likely that this process will
occur initially at the level of the individual flower, and
will be pre-zygotic in nature. The amount of pollen
normally deposited on stigmas is not known accurately, but
nearly 50% of the open-pollinated flowers examined in this
study contained one or more pollen tubes, with an average
of three per flower. Of these, only two could potentially
be mates, as there are only two ovules present. Since
there were up to 13 pollen tubes growing in a single
flower, there is a substantial capacity for the screening
out of any 'inferior' pollen types at this stage. This
screening may comprise competition between pollen tubes,
or some kind of facilitation or inhibition by the maternal
plant. The next stage of this screening or selection
process will occur at the level of the inflorescence, and
will be post-zygotic, involving the diploid genotypes. Due
to space constraints, an inflorescence has the capacity to
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mature a maximum of 7% of its flowers (Turner 1985). Even
though, on average, only 50% of flowers on an
inflorescence are normally fertilized, this still means
that very few of available flowers will ultimately produce
seed. Competition between developing zygotes is therefore
likely to be intense, once again providing the possibility
for some sort of screening process. Since particular
combinations of genotypes were observed more often in the
progeny of hand-pollinations than expected (based on the
genotype of the pollen deposited), this process may even
be based on some form of genetic lethal system (see
discussion Chapter 6). The interaction of both pre- and
post-zygotic processes discussed above could promote
intense selection within inflorescences, so that
presumably only the 'fittest' seed will result. It is
therefore likely that some of the most important events in
mating occur between the time of pollination and
maturation of zygotes, and it is not surprising that
outcrossing rates do not accurately reflect patterns of
pollen dispersal.

One further point which warrants brief comment relates to
the large proportion of barren inflorescences observed in
this and many other species of Banksia (see, for example
Collins & Rebelo 1987). Several possible explanations for
this have been suggested (e.g. pollen or nutrient
limitation, andromonoecy; see Collins & Rebelo 1987, Ayre
& Whelan 1989), and some of these were explored in earlier
chapters of this thesis. One additional explanation
extends the predictions mentioned in the previous
paragraph, and concerns the possible role of selective
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processes in determining the production of infructescences
(i.e. selection at the level of the plant). As mentioned
above, competition between flowers on an inflorescence is
thought to be intense, and it is possible that a similar
screening process, connected in some way to the deployment
of a limited nutrient supply, may also occur amongst
inflorescences on a plant. For example, some
inflorescences on a plant may receive a greater proportion
of competitively superior pollen than others (i.e. greater
numbers of pollen grains with genotypes 'favoured' by
particular plants), and it may be that these
inflorescences are selectively matured. This would ensure
that the fittest of a limited number of zygotes matured to
form the next generation.

In conclusion, the model presented here for the mating
system of Banksia spinulosa predicts that a large amount
of selection operates, and that this selection probably
occurs at many levels. Furthermore, although patterns of
flowering and pollinator behaviour are important
determinants of pollen dispersal, the factors which
probably influence the mating system to the greatest
degree in this system are internal processes, which occur
after pollination events (but not necessarily after
fertilization).

The findings presented in this thesis have posed some new
challenges for future research. In broad terms, there is a
definite need for more information on breeding systems and
the factors which control them, including some of the
complicating factors, such as the role of interspecific
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competition. Much of the work conducted here was also
frustrated by the low levels of fertility consistently
encountered in this species, and by a lack of knowledge of
what actually limits the production of seed. Although this
study uncovered some intriguing possibilities for this
phenomenon, it would now be opportune to investigate these
aspects in more detail. One further interesting line of
research would be an investigation paralleling the one
described here, but using a self-compatible species,
which clearly does have the capacity to produce seed
through selfing.
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MONITORING ANIMAL ACTIVITY WITH AUTOMATED PHOTOGRAPHY
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Abstract: Photomonitoring with pulsed infrared beams
provides an effective method of recording animal activity
in the field. It has several advantages over conventional
monitoring techniques such as radio-tracking, as animal
activity can be recorded automatically for long periods
and with little disturbance. Information recorded includes
the species photographed, the direction of movement, and
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the date and time of each record. When monitoring
inflorescences visited by pollinators, researchers can
calculate the duration of each visit and the number of
visits occurring over a given time. Multiple photographs
of a single visit enable comparisons of foraging behavior
of individuals.
J_s_ WILDL. MANAGE. 00(0) :000-000
Keywords: automated photography, mammals, pollinators,
Proteaceae

Although the activity of diurnal animals is relatively
easy to record through patient observation, nocturnal
animals are more difficult to observe, particularly
smaller, cryptic mammals. Furthermore, trapping gives
little indication of their behavior and may fail to reveal
some trap-shy species. Remote monitoring units for
recording capture times (e.g., Harling 1971, Fox 1978),
nest use (e.g., Flowerdew 1973), and the passage of
animals (e.g., Marten 1972, Taylor 1973) have commonly
been used to overcome these difficulties. However, such
techniques still have their limitations, because they rely
on trapping animals or locating nest sites, or it could be
difficult to distinguish among some species.

A more reliable alternative is the use of automatically
operated cameras (e.g., Pearson 1959, Osterberg 1962,
Dodge and Synder 1960), which may be used with other
recording devices to monitor animal activity. However,
these devices are often triggered by either treadle or
trip-wire mechanisms or by a light beam and photoelectric
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cell. These techniques are limited because the reliability
of a treadle will vary with the type of animal
investigated, and photoelectric cells require stable light
conditions not commonly found in the field. More recently,
pulsed infrared beams that operate under a variety of
ambient light conditions have become available. In
addition, large rechargeable storage batteries now allow
monitoring to be conducted over long periods of time. We
describe photomonitoring employing a pulsed infrared beam
triggering device and describe its use.

Support was provided by a Postgraduate Research award to
S.M.C from the Australian Museum. We wish to thank R. L.
Goldingay, D. Scotts, and S. Craig for assistance in the
field, and R. L. Goldingay and D. J. Ayre for comments on
the manuscript. This is Contribution , University of
Wollongong, Ecology and Genetics Group.

METHODS

Our technique uses an infrared switching device,
comprising a pulsed infrared beam (with a peak frequency
of 880 nm) which is detected by an infrared sensitive
diode in a receiving circuit. The sensor is connected to a
35 mm camera with an automatic winder (Fig. 1). A pulsed
beam is detected by a sensor tuned to the pulse frequency
at which the source operates (~10kHz). This ensures that
the system is unaffected by continuous infrared light,
such as sunlight, and needs no recalibration to monitor
nocturnal and diurnal activity. When the beam is
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intercepted by an animal, the camera is triggered, a
photograph taken, and the film advanced.

Although several types of cameras could be used, we found
the Contax 137MA to be most suitable. This camera has an
electronic release, a built-in winder, and can be fitted
with a quartz data-back to record the date and time on
each frame. Alternatively, a small clock may be positioned
in the field of view. Fitted with a dedicated flash unit,
the Contax can measure the correct exposure through the
lens. The film we used for general monitoring purposes was
Kodak Pan-X, a fine-grain, high contrast film. High speed
films may be required for working at greater distances
under low light conditions.

There are several circuits available for simple light beam
relays, and even though some units are now commercially
available, the circuitry described in De Jong (1981)
proved most satisfactory. Several modifications were
necessary to ensure its reliable operation and to increase
the sensitivity of the tripping mechanism, so that it
could be used over a greater range of distances:
1. The original circuit for the transmitter had fixed
gain, which proved unsatisfactory when units were placed
close together. The 680-ohm resistor was therefore
replaced with a variable resistor (5-K-ohm), so that gain
could be reduced when necessary. To fine-tune the
transmitter to the receiver, the 4.7-K-ohm resistor was
replaced with a 5-K-ohm 20-turn trimpot.
2. The LED specified was replaced with a high output
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infrared LED.
3. To increase sensitivity, we added a lens (from a
standard jewellers eyeglass) and tubular hood to the
receiving unit. The tubular hood was blackened to prevent
the photodiode from being saturated by bright light.
4. Cables had external metal shielding, to prevent damage
by rodents.
5. For use over long periods, the power supply is best
provided by rechargeable storage batteries instead of a 9V dry cell.
6. The unit may be connected to a counter in place of a
camera, but a voltage regulator is required to give a
constant source of voltage. A 12-V battery requires a 5-V
regulator (7805 IC) with 2 resistors (220- and 150-ohm).
However, to optimize voltage and obtain the best
performance, the 150-ohm resistor can be substituted with
a 200-ohm skeleton trimpot. This is set to deliver about
9-V DC.

When units are made up and adjusted, they should be kept
in their respective pairs for optimum performance. Cameras
which are electronically released are switched with a
transistor. Consequently, correct polarity of output must
be observed.

We constructed weather-proof boxes to house the cameras
and flash units in the field. Boxes were hinged for easy
access to the camera and were fitted with a clear acrylic
panel, a UV filter, and lens hood at the height of the
camera lens. We covered infrared switching units with
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aluminium hoods to protect them from rain and to allow
adequate air circulation to reduce condensation.

For small ground-dwelling species, we placed the units on
tripods positioned so that the beam passed directly across
likely animal pathways such as well-used runways or along
the top of logs. The units were then adjusted for the
desired height and distance between them. For larger
animals, we elevated the beam to prevent smaller animals
from triggering the camera. In some situations bait was
placed directly below the passing beam to attract animals.

Cameras were positioned during mid-afternoon, and 1
exposure was triggered by hand each day to make sure the
units were still working. For each new film, 1 exposure
was taken to record the starting time. When all film had
been exposed during a night, the total operation time was
calculated as the time elapsed between the first and last
exposure.

A more specialized application involved monitoring
nocturnal and diurnal pollinator visits to flowering
plants. We positioned cameras at partly open
inflorescences of 3 species - the hairpin banksia (Banksia
spinulosa), the saw banksia (IL. serrata), and the waratah
(Telopea sp^iosissima) , and camera were left in position
over several days.

For this application, we placed photodiodes and LED's on
external leads attached to a U-shaped bracket on a suppo
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so that they could be placed close together (Fig. 2).
These leads, and in particular the one from the receiver,
were kept < 1 m to minimize resistance to current. We
positioned the equipment so that a visiting pollinator
would break the infrared beam passing adjacent to the
inflorescence.

RESULTS

It was easy to identify mammals and birds from negatives,
and if tagged, individuals could often be distinguished
(Fig. 3). The units were also sensitive enough to record
insect activity. Some animals that foraged at the back of
an inflorescence were also capable of triggering the
camera, because their mass pushed the inflorescence
through the beam. The time and duration of each record was
easily established from data-back information. For
example, during 1 8-minute period, a lactating female fox
(Vulpes vulpes) was photographed 28 times. Evidently, the
animal was not disturbed by the presence of the camera or
the flash. Data-back information also provided estimates
of the time spent at an inflorescence and allowed
assessment of the foraging behavior of animals. For
example, an individual sugar glider (Petaurus breviceps)
was photographed 6 times during a 3-minute foraging bout
at the hairpin Banksia, whereas another individual
triggered the camera 9 times within 1-minute. Photographs
showed that animals often foraged over much of the
inflorescence, accumulating large pollen loads on their
fur. In contrast, birds usually perched on adjacent
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branch, probing flowers individually.

Long-term photomonitoring can provide valuable information
on the patterns of pollinator activity, by allowing an
estimation of the total number of visits an inflorescence
receives during flowering, the changes in pollinator
activity through a flowering season and comparisons of
nocturnal and diurnal visitation, so that the regularity
and likely importance of different pollinator species
could be assessed.

DISCUSSION

The variability of weather conditions often encountered in
the field can create several minor problems such as a lot
of wasted films. Occasionally, the beam may be knocked out
of alignment by an animal, and in windy conditions,
inflorescences sometimes sway, causing the beam to be
repeatedly broken. To hold inflorescences steady and
minimize these effects, the branch below can be clamped or
tied securely at a fixed distance from the units. A 250exposure camera back might be desirable in some
situations, depending on the frequency of visits and
weather conditions normally encountered.

Condensation on the lens during periods of rain or high
humidity sometimes gave the appearance of fog, making it
difficult to discern the species and data-back
information. A dew guard, such as 5 x 5.6-ohm ceramic
wire-wound resistors connected in series (Liller and Mayer

1985:140) placed in front of the lens and connected to a
12-V battery could be used to provide sufficient heat to
alleviate this problem.

For long periods in the field, large capacity batteries
should be used both for the infrared trip and the
electronic flash. Large capacity car batteries proved mos
reliable; a 190amp/hour 6-V battery lasted over a month
powering an electronic flash continuously. When the devic
was left in 1 position over long periods, batteries could
be attached to solar cells, enabling continuous
recharging.
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Fig. 1. Schematic diagram of components used for photomonitoring. The camera is triggered when the invisible
infrared beam is intercepted by an animal.

Fig. 2. Set-up for monitoring animal visits to
inflorescences. Photodiodes and LED's from the infrared
switching device are attached to external leads with metal
shielding and fixed to the U-shaped bracket to facilitate
positioning of the infrared beam.

Fig. 3. Sugar glider foraging at an inflorescence of the
hairpin Banksia. Note the U-shaped bracket used to
position infrared switching devices.
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Appendix 3.2.
Statistical analyses performed for comparison of mammal
visitation to flowering Banksia plants.

This section summarises analyses of mammalian movements
among Banksia inflorescences
3.2.4).

(see Section

compare patterns
(and

in

The

aim of

of visitation

particular

(Petaurus

using spool-and-line tracking

B.

breviceps),

these

to

to

Banskia inflorescences

spinulosa) by

the

analyses was

brown

the

sugar

antechinus

glider

(Antechinus

stuartii) and the eastern pygmy possum (Cercartetus nanus).
Two different

measures

of

visitation were

used here

to

investigate foraging behaviour; the distances moved between
visited plants (as

an indicator of the

distance of pollen

flow), and the number of inflorescences foraged on for each
plant visited (an

indicator of the potential

cross-pollination).
individuals
different

of

Comparisons were

each

years

and

species,
also

(i.e. whether

the

for

different

to

components of visitation varied

done

for self- or
different

species,

determine

whether

and
these

through a flowering season

distribution and

abundance of

flowers

influenced the behaviour of pollinators).
3.1. Methods
In order to compare the distances moved by animals and the
number

of

inflorescences

species, each period and

visited

per

plant

for

each

each year, unbalanced ANOVAs were

used. Each data set consisted of values for the years 1986,
1987 and

1988. In

1988, tracking

parts of the season, corresponding
late-

flowering

distance

from

periods.
the

For

previous

was conducted

to the early-, mid- and

each
one

inflorescences visited was recorded

in three

plant
and

visited,

the

number

the
of

(see Section 3.2.4 and

3.3.4. for more detailed description of general methods and
results). Because of

differences in the

number of samples

obtained for each component of the analyses (i.e. number of
individuals tracked,

number of

plants visited

etc), both

data sets were analysed using an ANOVA for unbalanced data,
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which were

extensions

Linear Models. For

of

the work

by

on

were four factors*

each data set there

years, periods, species and

Searle (1971)

individuals. Furthermore, some

of these factors were nested. For example, individuals were
nested within

species

and flowering

periods were

nested

within years. As an added complication, the individuals had
'random' effects, as they were
population,

while

the

contrast to

the procedure

selected at random from the

species had

'fixed'

effects.

for balanced ANOVAs

In

(where all

Mean Squares in the model can be compared with the Residual
M S ) , in an ANOVA for unbalanced data,

only the last MS can

be compared with the Residual MS. This means that the order
in which a term is put into the
fitted becomes important,

mathematical model being

3.2. Results
3.2.1. Distances moved between plants visited.
To first test for differences among individuals and species
in the

distances moved

between visited plants,

Years and

Periods, followed by Species and Individuals within Species
were

fitted.

The

distances moved

between

those

plants

visited showed significant variation amongst individuals of
each species (Table A3.1; P < 0.001). To test whether there
was any

significant difference

between the

three species

tracked, the Between Species MS was compared to the Between
Individuals within Species
actually

fairly

MS. Although the

complicated,

a

comparison is

straight

ratio

of

413.3/259.1 = 1.59 was considerably less that 3.422 (the 5%
point

of

distances

the
moved

F2,23 distribution),
between

visits

indicating

were

not

that

the

significantly

different between the three species.
For 1988, animals were tracked during three periods
corresponding to the early-,
of the season.
plants for these
effects of
three

mid- and late-flowering parts

Differences in the

three periods were tested

individuals first,

flowering

distances moved between

periods.

followed

Significant

by fitting the

by those

for the

differences

distances moved between the three periods were observed

in
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Table A3.1.

ANOVA table

comparing the effects

of species

and individuals after years and flowering periods have been
fitted.

Source

df

SS

Between Years 2 15.5
Between Periods within Years
Between Species
Between Indiv. within Species
Residual

2
2
23
72

1503
826.8 413.4
5960
259.1 2.72
6849.1
95.1

Total

101

Table A3.2. Comparisons of the
late-flowering periods
B. Estimates

of the

effects of early-, mid- and
by individuals.

effects of the three periods.

differences

between the

effects and

their t-values (all with 58 degrees of freedom).

A.
Source df SS MS F
Between Individuals 18 3510
Between Periods
2
Residual
58
Total

78

2127
5440

1063.5
93.8

11077

B.
Difference Estimate t-value
Late - Mid 32.34 4.57
Late - Early
Mid - Early

F

15154

on distances moved

A. ANOVA table comparing the

MS

50.54
18.20

3.28
1.33

11.34
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(Table A3.2; P

< 0.001). Two-sided

distances moved

between plants

t-tests indicated that

was

significantly greater

during the late-flowering period than either early- or midflowering (Table

A3.2;

during

and

early-

significantly.
estimates and
variability

The

P

<

and that

mid-flowering
apparent

the t-values
in

0.001),

the

did

not

inconsistency
in

Table A3.2

standard

errors

of

movements
differ

between
is due

the

the

to the

estimates,

resulting from the unbalanced nature of the data.

3.2.2.

Number of inflorscences visited on each plant
visited.

To first test for differences in the number of
inflorescences visited
species, Years and
Species and

on each

Periods were fitted

Individuals

significant differences
individuals within

were detected

no

evidence

(Table A3.3) .
for the

(Table A3.3;

between the three

Between Species MS/Residual

individuals and

first, followed by

within Species

a species

test for differences
was

plant for

effects of

P >

0.05). To

species, the ratio

MS was used,

of signficant

No

and again, there

differences

between

the

effects of the three species (F = 1.70, P > 0.05).

Table A3.3.

ANOVA table

comparing the effects

of species

and individuals after years and flowering periods have been
fitted.

Source
Between Years
Between Periods within Years

df
2

2

SS

MS

2.47
4 6
* ®

ESS 2SJ:W-SPecies ,.; „:.. .:., J.™
Residual

Total

108

99.75
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As for the analyses of
plants, the data for 1988
for differences

between

significant differences
periods (Table A3.4;
be a single

distance moved between visited
was analysed separately, to test
the three
were

detected

P > 0.05). Since

between the

t-values

late-flowering

three

by several non-

were calculated

differences. From these tests,

No

there can sometimes

significant difference masked

signficant ones,
the

flowering periods.

for the

three

it was apparent that during

period,

significantly

fewer

inflorescences were visited per plant than during the early
part

of

the

season

(Table

A3.4;

P

<

0.05),

but

no

differences were detected for the other combinations.

Table A3.4. Comparisons of the
late-flowering periods

on

the

effects of early-, mid- and
numbers of

inflorescences

visited on each plant. A. ANOVA table comparing the effects
of the

three

periods.

B.

Estimates

of the

differences

between the effects and their t-values (all with 56 degrees
of freedom).

A.
Source

df

SS

MS

Between Individuals
Between Periods
Residual

23
2
56

25,.10
3,.78
47..23

1..89
0..84

Total

81

76.11

B.
Difference

Estimate

-value

Late - Mid
Late - Early
Mid - Early

-0.464
-1.671
-1.207

-1.,07
-2,,11
-1..68

2.24
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Appendix 3.3.
Spool traces obtained for animals which visited flowering
plants. For
plants,

each

squares

trace,

are Eucalytpus,

paludosa plants, and
plants. Plant
symbols.

circles

represent B.
triangles

inverted triangles are

which were

spinulosa

represent

B.

B. ericifolia

visited are indicated

by filled
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Fig. 3.3.1
4/8/87.

Individual male

Petaurus breviceps, tracked on

259

Fig. 3.3.2. Individual male
5/5/88.

Petaurus breviceps, tracked on
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Fig. 3.3.3. Individual male

Petaurus breviceps, tracked on
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Fig. 3.3.4

Individual female Petaurus

breviceps, tracked

262

Fig. 3.3.5.
on 7/7/88.

Individual female Petaurus

breviceps, tracked
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Fig. 3.3.6. Individual male

Petaurus breviceps, tracked on

264

Fig. 3.3.7. Individual male
9/7/88 and 19/7/88.

Petaurus breviceps, tracked on
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Fig. 3.3.8. Individual female Petaurus
tracked on 10/7/88 and 14/7/88.

breviceps, tracked
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Fig. 3.3.9. Individual male
12/7/88.

Petaurus breviceps, tracked on
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Fig. 3.3.10. Individual male Petaurus breviceps, tracked on
1/9/88.

268

Fig. 3.3.11. Individual female Antechinus stuartii, tracked
on 20/4/88.
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Fig. 3.3.12.
on 28/4/88.

Individual male Antechinus

stuartii, tracked

Fig. 3.3.13. Individual female Antechinus stuartii, tracked
on 5/7/88.
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Fig. 3.3.14.
on 7/7/88.

Individual male Antechinus

stuartii, tracked

272

Fig. 3.3.15. Individual female Antechinus stuartii, tracked
on 28/8/88.
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Fig. 3.3.16.
during 5/6/K7.

Individual

male

Cercartetus nanus,

tracked
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Appendix 4.1.
A. Enzymes tested, enzyme commission reference numbers,
buffer systems used to screen enzymes (see B. below for
explanation), and number of loci detected and consistently
scorable polymorphic loci resolved in screening seeds from
Banksia spinulosa. 'Wet' seed refers to seed which had been
imbibed on filter paper for three or more days (up until
germination).

Enzyme

Electrophoretic Loci detected/Variable loci
Buffers 'Dry' Seed Pollen 'Wet' Seed

Aconitase

2

E.C.
number

4.2.1.3

1/5/6

1

peptidase

6

3

-

-

-

Alcohol dehydrogenase

1/3

2

Adhi 2

Adhi 2

Adhi 1.1.1.1

Aldolase

3

1

-

-

-

4.1.2.13

Acid phosphatase

2/6

2

-

3.1.3.2

Alkaline phosphatase

6

1

-

-

3.1.3.1

Esterase

3/6/7

2

-

-

3.1.1.2

dehydrogenase

2

1

-

-

1.1.1.49

Glutamate dehydrogenase

2

2

-

1.4.1.2

3/6

2

-

-

-

2.6.1.1

2

-

_

-

1.1.1.42

-

3.4.11.1

-

3.4.13

Alanine amino-

2

2
-

2

3.4.11.1

Glucose-6-phosphate
-

2

2

Glutamate oxaloacetate
transaminase

Isocitrate dehydrogenase 1

1

1

3/5/6/7

1

3

2

-

peptidase

3

2

-

2

-

3.4.13

Malate dehydrogenase

2/4/5

6

Mdhs 3

3

-

1.1.1.37

Malic enzyme

2/8

2

-

-

-

1.1.1.40

isomerase

1/2

2

-

-

-

5.3.1.8

Phosphoglucomutase

1/3/6

3 Pgmi

3

Pgmi 3

Pgmi 2.7.5.1

2/4/5

4

2

4

1/4/6

4

3

Pgii 3

Pg ii 5.3.1-9

Pgi2

Pg i2

Leucine aminopeptidase
L-leucyl-L-glycylglycine
peptidase

-

L-leucyl-L-tyrosine

Mannose phosphate

6-phosphogluconate
dehydrogenase

-

1.1.1.44

Glucose-6-phosphate
isomerase

Sorbitol dehydrogenase

3

1

-

1/2

2

Sodi -

1
-

-

1.1.1-14

-

1.15.11
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B. Electrophoretic buffer systems used to assay enzymes for
B. spinulosa.

Buffer system

Reference

1. Tris-maleate pH 7.4

(Selander 1971)

2. Continuous Tris-citrate pH 8.0

(Selander 1971)

3. Tris-versene-borate pH 8.0

(Selander 1971)

4. Continuous Tris-citrate pH 6.3

(Selander 1971)

5. Morpholine-citrate pH 6.1

(Clayton & Tretiak 1972)

6. Lithium hydroxide pH 8.1 (Selander 1971)
7. Discont. Tris-citrate (Poulik) pH 8.2 (Selander 1971)
8. Histidine pH 8.0 (Brewer & Sing 1970)

